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Summary  
The aerodynamic environment experienced by an open-wheel racing car is often dominated by 
the wake of upstream vehicles. This environment can be detrimental to the aerodynamic 
performance of the car, impeding overtaking and as a result, the spectacle of the sport. Simulating 
this scenario scientifically is difficult, with computational approaches requiring empirical validation 
which in most cases necessitates wind-tunnel simulations. However the longitudinal length afforded 
by most existing wind-tunnel test sections limits such multi-vehicle experiments. A possible solution 
presented in this thesis is to generate the wake upstream of the wind-tunnel contraction, thereby 
allowing the entire working section for the test vehicle. Implementing this solution required 
characterisation of both the turbulent wake itself and the influence of a contraction over such wake 
flows.  
As the first step, the wake of a generic open-wheel racing car was experimentally investigated 
between a distance of 0.5 and 1 car lengths behind the model thereby characterising the salient 
features and longitudinal development. The wake was generated over a stationary ground plane and 
included sensitivity studies to determine the influence of rear wheel rotation. Results agreed with 
previous studies performed in moving ground facilities with the salient wake features composing a 
counter rotating vortex pair generated by the rear wing and a velocity deficit produced primarily by 
the diffuser. The influence of wheel rotation was to the increase the diffusers efficacy although this 
change was small enough that its effect was primarily qualitative. Within the wake the longitudinal 
decay rate of vorticity was approximately twice that of both velocity deficit and turbulence intensity, 
in quantitative terms this indicated that velocity deficit and turbulence intensity were more 
persistent downstream. This result showed that vorticity did not dominate longitudinal wake 
development thereby allowing the contraction’s straining influence to be studied using a more 
generalised flow; a nominally two-dimensional cylinder wake. This case was chosen given the broad 
similarities to vehicle wakes and its well documented nature.  
The cylinder wake was measured passing through a 3.7:1 contraction and a parallel duct 
allowing the influence of the contraction to be investigated using comparative analysis. The changes 
induced by the contraction’s strain field were found to be both dependant on the flow parameter in 
question and its orientation to the freestream; pressure-based terms, such as velocity, were most 
affected while turbulence parameters were less influenced. Streamwise and transverse flow 
components were differentially affected; this was particularly evident for the turbulent stress data 
v 
 
which showed a suppression of the streamwise component but amplification of the transverse 
components. These findings were consistent with literature concentrating on grid and mesh 
generated turbulence with one exception; published research has shown the amplification of the 
transverse stresses was such that post-contraction values surpassed those upstream of the 
contraction, although in this research that was not the case. When comparing the strained and 
unstrained cylinder wake, amplification of the transverse stresses was evident post contraction, 
however the transverse stresses measured before the wake entered the contraction were always 
greater. The ultimate cause of this difference was due to the longitudinal decay rate of the cylinder 
wake, which was similar to the vehicle wake, and ultimately great enough to mitigate amplification 
by the contraction.  
The experiments led to a proposed method for characterising the changes induced by the 
contraction. This consisted of two processes; virtual distance for longitudinal changes and geometric 
scaling for transverse wake geometry. Virtual distance postulated that the influence of a contraction 
could be thought of as altering the longitudinal distance the wake has travelled, rather than altering 
the wake itself. Conversely changes in the transverse wake structure were accounted for by simple 
geometric scaling using the respective ratio of settling chamber to test section height and width. As 
a proof of concept the open-wheel racing car wake was passed through the same contraction with 
encouraging results.  The concept of generating a discrete wake profile upstream of a wind tunnel 
contraction remains promising, it is hoped the results of this research would be used as a basis for 
methodologies to design distorted wake generators that offsets the influence of the contraction. 
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Chapter 1   
Introduction 
This chapter explores the background and current challenges of accurately replicating the real 
world turbulence a ground vehicle experiences, in particular the turbulence generated by other 
vehicles. Literature on open-wheel racing car wakes and the current understanding of these flows is 
discussed first. The suitability of CFD and wind tunnel methods is then detailed with a clear focus on 
the ability to generate specific wake profiles. Subsequently the applicability of generating these 
wakes upstream of a wind-tunnel contraction is covered and finally the research questions to be 
answered by this thesis are stated and the scope of the work defined. 
1.1  Background 
The flow environment that road vehicles operate in is generally complex, unsteady and 
turbulent. Two primary causes of this are environmental aerodynamics (i.e. the atmospheric 
boundary layer, winds, wakes of stationary objects, etc) and the presence of other vehicles. Both are 
currently areas of aerodynamic research, especially within the passenger and racing vehicle 
disciplines given such disturbances have a great effect upon vehicle performance. 
1.1.1  Driving in Turbulence; Road and Race 
Broadly speaking the turbulence experienced by a ground vehicle can be broken into two 
categories; turbulence created by the environment and that generated by other moving vehicles. 
The former can be further broken into the unsteadiness of the natural wind (including the 
atmospheric boundary layer) and the wakes of stationary roadside obstacles. Naturally occurring 
turbulence and its influence upon road vehicles has been well documented as outlined by reviews 
including Sims-Williams (2011) and Cooper & Watkins (2007). Turbulence produced by roadside 
objects is more difficult to analyse, especially when combined with cross winds; such transients can 
greatly change both the yaw angle and resultant velocity the vehicle experiences. The influence of 
environmental turbulence is generally regarded as negative for passenger vehicles however the 
turbulent wake generated by other vehicles can be beneficial (e.g. slipstreaming). The situation is 
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complicated by the many forms this interaction may take; vehicles may be positioned upstream 
and/or downstream of the vehicle in question, they may be aligned or lateral separated and they 
may travel in the same or opposite direction. For passenger vehicles this interaction is a result of 
increased traffic densities and subsequently lower inter-vehicle spacings; for a main arterial at peak 
periods a typical value is 5 car lengths (Gibbens & Saatchi, 2008). This situation can be 
aerodynamically advantageous in the case of drafting configurations as all vehicles involved 
experience a net reduction in drag. This combined with the need to maintain traffic through-put, 
even though the vehicle population continues to grow, gave rise to the concept of organised vehicle 
convoys. This involves vehicles travelling to similar destinations in localised groups under fully 
automated control to ensure small inter vehicle spacings are maintained. Termed ‘platooning’ the 
idea has received extensive research both in terms of the aerodynamic and control issues that arise 
(Zabet et al., 1993; 1994, Romberg et al., 1971 and Azim & Gawad, 2000).  
For racing vehicles the situation is different, in circuit racing atmospheric turbulence is general 
not a great concern as most tracks are reasonably well shielded from atmospheric winds and the 
vehicles velocities are usually much higher; the resultant yaw and velocity effects are simply not as 
significant as in the case of passenger vehicles. The influence of other vehicles is however dominant 
and in most cases much greater than for their passenger carrying counterparts. Vehicles operating in 
close proximity while racing is commonplace and ultimately stems from the competitive nature of 
motorsports. Typical spacings depend upon the specific category and vehicle type, but distances 
from fractions of a car length up to two car lengths are routine. The influence of this proximity can 
be positive or negative depending upon the aerodynamic design of the racing vehicles in question. 
Those producing low amounts of downforce, such as stock cars, benefit from tandem arrangements 
due to the slipstreaming effect although abreast formations results in higher drag due to choking 
between the vehicles (Romberg et al., 1971). On the other hand, those that produce significant 
amounts of downforce, such as Formula 1, are usually negatively affected by vehicle wakes. 
Although drag reductions do occur when slipstreaming for this type of vehicle, the advantage gained 
is outweighed by the lower cornering speeds that result when following another vehicle (Dominy, 
1990, Soso, 2006 and Wilson et al., 2008).  
Classically the aerodynamic evaluation of road vehicles has been carried out in a smooth flow 
environmental however such conditions are generally not representative of the on-road flow 
environment. For passenger and racing vehicles alike there is a direct need to not only understand 
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how on-road turbulence affects the vehicles performance but also to better understand the flow 
fields themselves.  
1.2  Open Wheel Racing Car Wakes 
How best to generate a singular or series of vehicle wakes using our current technical abilities 
remains a significant challenge and ultimately depends on the flow structures to be reproduced. 
Given the competitive nature of motor racing, comprehensive investigations of these wake flows are 
limited in the public domain. Bonis & Quagliotti (1986) performed the first wake survey of an open-
wheel racing car. The model was a ¼ scale 1985 Ferrari 156/85 (Figure 1-1) with an aerodynamic 
package somewhat similar to current Formula 1 cars; a flat floor with a diffuser, front and rear wings 
and exposed wheels. Testing took place in two separate wind tunnels, the first featured a moving 
ground and the other used a stationary elevated ground plane. Wake surveys were limited to the 
latter owing to a lack of suitable equipment in the moving ground facility. Testing was performed at 
a Reynolds number of 1.8x106 based on car length while flow data were recorded through a nine-
hole directional pressure probe with a conical tip. Flow was interrogated across a plane transverse to 
the free-stream at a single location of ¼ car lengths behind the rearmost point of the model. Vehicle 
ride height and attitude were varied with total-pressure-loss coefficient and normalised streamwise-
velocity data plotted as isobar contours. Results showed the wake was composed of three areas of 
significant pressure loss; the largest located centrally, close to the ground and encompassed half the 
width of the car, while the other two were much smaller and positioned at the upper outboard tips 
of the rear wing (Figure 1-2). The stream-wise velocity plots also showed a large central deficit 
indicating that this feature was low speed flow mostly orientated with the freestream; properties 
consistent with diffuser flows. The two smaller areas of pressure loss were not mirrored in the 
streamwise plot, this combined with their location suggested a streamwise vortex core. The 
influence of open wheels was also present with the wake field being much wider at the base than 
the top. Within the tested range the results showed ride height and attitude had little effect on wake 
structure, although the author noted this could have been due to the boundary layer present over 
the stationary floor. Interestingly one map was reported for a full-scale model in the same facility 
which featured a 3 metre diameter test section.  There was little investigation or explanation of the 
plot (Figure 1-3) within the report, however significant difference in the flow structure can be seen, 
particularly in the upper portion of the wake. Here the central loss core was stretched vertically with 
the overall wake structure now resembling a mushroom shape. The secondary loss cores were still 
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positioned at the rear wing extremities however their size had grown considerably. Although 
detailed investigations into these differences were not performed by the authors it suggested a 
greater upwash at the centreline was present, this increased loss redistribution yielding a larger 
vertical wake. The authors postulated this difference was due to the reduction in the relative 
boundary layer, however the obvious Reynolds number and blockage ratio changes must have had 
an impact although neither were stated in the report. Furthermore the car geometries between full 
and model scale appear to be quite different. Given the lack of further investigation and the cursory 
reporting on the results, it is hard to completely resolve these differences. 
 
Figure 1-1 – Ferrari 156/85 model (Bonis & Quadliotti, 1986). 
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Figure 1-2 – Total pressure loss coefficient (left) and streamwise velocity component (right) for model scale 
Formula 1 car (Bonis & Quadliotti, 1986). 
 
Figure 1-3 – Total pressure loss coefficient for full size Formula 1 car (Bonis & Quadliotti, 1986). 
As a product of quantifying the aerodynamics of a wing in ground effect, Soso & Wilson (2006) 
performed an investigation into an open-wheel racing car wake. Flow field investigations were a 
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secondary objective of the study and thus several simplifications were made. The test arrangement 
consisted of a simple wake generator, placed over a stationary ground plane upstream of a moving 
belt, where the wing under investigation was located (Figure 1-4). Several iterations of the wake 
generator design were made with the final version consisting of a diffuser and single element rear 
wing with end plates. The flow field generated by this body was only investigated at a single 
downstream location, with the gap between the base of the model and the measurement plane 
fixed at three wake generator lengths. At this location air flow was mapped using a two-dimensional 
laser Doppler anemometry system recording streamwise and vertical velocity components. Mapping 
was performed transversely across an area slightly less than the projection of the wake generator at 
a Re = 1.9 x 106 based upon wake generator length. Streamwise and vertical velocity components 
were recorded although the horizontal component was not. Results showed a maximum streamwise 
velocity deficit of approximately 22% at the centreline, with recovery towards unity at outboard 
locations. Vertical velocity was a maximum at the centreline with upwash values reaching 15% of the 
freestream velocity. Moving away from the centreline this upwash decreased and transitioned into 
downwash. Turbulence intensity was also reported with a maximum of 11% found at the centreline 
which reduced with movement outboard to a minimum 7.4% at the traverse limit. It should be noted 
that the mathematical formula used to calculate these values was not given, and since only two of 
three velocity components were measured it is unclear if these values represent the component, 
total turbulence intensity, or some other value. From these results Soso and Wilson concluded the 
wake flow of an open-wheel car was composed of a localised velocity deficit and a pair of counter-
rotating vortices. However this conclusion depends upon the assumption that Soso’s wake generator 
created flow conditions representative of open-wheel racing cars.  
 
Figure 1-4 – Soso’s Experimental design (Soso & Wilson, 2006). 
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A subsequent study that presented data on open-wheel racing car wakes was that performed by 
Wilson et al. (2008). In a similar manner as previous researchers this paper quantified the 
aerodynamic changes an open-wheel racing car experiences when drafting. An almost identical 
methodology as Soso’s earlier work was employed with a wake generator placed upstream of the 
test article; an isolated wing. The wake generator was placed over a stationary ground upstream of a 
moving belt and the wing. However identifying the shortcomings of Soso’s research, the design of 
the wake generator was much more thorough. This process involved matching the wake generators 
flow field with that of a complete racing car. To do this the wake flow was first measured behind a 
detailed 1/6 scale Formula 1 model which included all appendages deemed aerodynamically 
important. The model was placed on a moving belt and the wake flow interrogated at two 
downstream planes; ¼ and ½ car lengths behind the rearmost point of the model. Owing to the small 
model size, Reynolds number was limited to 6 x 105 based upon car length. Flow field results showed 
a wake dominated by a pair of counter rotating vortices and a centralised velocity deficit. The vortex 
pair was generated by the rear wing and featured a strong upwash at the centreline of the vehicle; 
pitch and yaw data were not quantitatively reported but the vector plot clearly shows the vortical 
flow structure (Figure 1-5). The large up-wash at the centreline was deemed a product of both the 
wing tip vortices and flow existing from the diffuser indicating the possibility of vehicle component 
interaction. At the closest spacing four distinct loss cores were identified through the streamwise 
velocity plot; one for each vortex core and two originating from the diffuser (Figure 1-5). The flow 
properties in these regions were highly turbulent with velocity deficits of up to 70%, unfortunately 
turbulence intensities at this spacing were not reported. Mixing effects began to dominate and the 
influence of diffusion became apparent when moving downstream to ½ car lengths behind the 
model. Here wake structure was less discrete with the four loss cores previously identified now 
merging into one structure. This was attributed to the vortices which redistributed the low speed 
flow from the diffuser forming a mushroom like column (Figure 1-6). Although this mixing had 
increased the spatial extent of the low speed flow it had also reduced its intensity; the lowest 
recorded velocity was twice that at the previous plane. The same was not true of the vortex 
structure which remained almost unchanged, at least from the data presented which was only 
qualitative in nature. As noted by the author this behaviour is consistent with documented wing-tip 
vortex behaviour that persists for considerable downstream distance. Turbulence intensity at this 
location was a maximum of 45% which encompassed the entire projection of the vehicle model, 
however by the authors own admission these data were poorly conditioned and interpretation 
should be taken with care (Figure 1-6). 
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Figure 1-5 – Secondary velocity vectors (left), axial velocity (right) at ¼ car spacings (Wilson et al., 2008). 
 
Figure 1-6 –Axial velocity (left) and turbulence intensity (right) at ½ spacings (Wilson et al., 2008). 
These results represent the first detailed understanding of the wake structure behind an open-
wheel car. This work also removed the confusion surrounding Bonis & Quagliotti (1986) results by 
corroborating the measurements taken at full scale. A conclusion from this work indentified the 
basic wake structure to consist of a strong streamwise counter-rotating vortex pair that is 
superimposed over an area of low-velocity but highly turbulent flow. The differences in the wake at 
different downstream locations suggested diffusion and mixing effects dominate both qualitative 
and quantitative properties and thus efforts to reproduce this flow must consider longitudinal 
development.  
Wilson used this data to generate a simplified bluff body and compared the wake flow between 
the two cases; the final design of this wake generator was similar to Soso’s but more detailed (Figure 
1-7). The bluff body was positioned upstream of the rolling road over a stationary ground with the 
wheels also remaining stationary. The wake was mapped at a longitudinal spacing that corresponded 
to ½ car spacings and directly compared to the previous results. These results showed a flow field 
similar to that behind the full car but not identical to it (Figure 1-8). The reasons for this disparity 
were unexplored by the author but the difference in ground and wheel simulation could be 
responsible. From this paper the concept of generating an open-wheel racing car wake with a simple 
bluff body gained credence.  
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Figure 1-7 – Bluff body used by Wilson et al. (2008). 
 
Figure 1-8 – Secondary velocity vectors (left) and stagnation pressure coefficient (right) at ½ car spacings 
(Wilson et al., 2008). 
Newbon et al. (2015) used the same experimental concept as Wilson et al. (2008) but with a 
greater focus on CFD. Once again the purpose of the study was to quantify the performances losses 
a trailing car experiences during drafting and to address the problem of minimal inter-vehicle 
spacings that can be achieved in a wind-tunnel. The experiment was broken into two components 
with the first empirically determining the aerodynamic changes a trailing car experiences while 
drafting. Testing used a bluff body wake generator placed upstream of a full vehicle model which 
featured an internal six-component force balance and 34 pressure taps (Figure 1-9); taps were 
located in the upper and lower surface of the front wing and longitudinally along the underside floor 
pan. Both models were ¼ scale and testing was performed in the Durham University low speed wind 
tunnel at a Reynolds number of 3.1x106 based on vehicle length. This facility was equipped with a 
moving ground which allowed inter-vehicle spacings of up to 1.2 car lengths to be achieved. For the 
full vehicle model detailed force and pressure results were recorded both in wake and freestream 
conditions although no flow field data from the wind-tunnel tests were reported. It was noted 
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however that the wake generator produced a flow field that differed to that produced by a full 
model, a result also reported by Wilson et al. (2008). Furthermore the wake from the simplified body 
was stated to be most accurate only in the near field and to diffuse more rapidly beyond ½ car 
lengths from the rear of model. This suggests a bluff body wake generator might be limited in its 
application and for far wake studies a more accurate simulation required.   
The second component of research focused on the ability to analyse a drafting study through 
CFD. The solver used the Lattice-Boltzmann Method where turbulence was modelled using a hybrid 
approach; grid scales were modelled with a Very Large Eddy Simulation while sub-grid scales were 
resolved using a two equation k-ε model.  Here a number of experiments were performed including 
a single car in isolation, two cars drafting and a single car with wake conditions imposed on the inlet; 
these wake properties were sampled across a plane in the drafting simulation and then set at the 
inlet boundary (Figure 1-10). Results from the drafting and inlet wake simulations showed the same 
trends, however there was quantitative disparities between the data, these were not so great as to 
disprove the methodology but were significant enough that the process would require development 
to yield trustworthy results. The wake results presented appear to agree with the literature however 
as no validation studies were presented that verified the CFD methodology and thus these results 
should be treated with a level of uncertainty.   
 
Figure 1-9 – Schematic of experimental setup of wind-tunnel tests by Newbon et al. (2015). 
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Figure 1-10 – Drafting simulation top and wake imposed on inlet boundary lower, contours of axial velocity 
(Newbon et al., 2015). See their paper for further details. 
Although progress has been made in understanding the wake of an open-wheel racing car 
several questions remain, particularly the influence of wheel and ground movement, the wake 
generator complexity required to yield a desired level of fidelity and the applicability of partial 
generators to produce an accurate far field wake. Exactly how best to reproduce the important 
features of such wakes remains open to interpretation.  
1.2.1  Exposed Wheel Wakes  
For an open-wheel racing car the exposed nature of the wheels sets these components as highly 
influential to the vehicles aerodynamics. Understanding the flow mechanics around the wheels is, in 
part, requisite to understand the flow field generated by a complete vehicle. The current knowledge 
of the wake flows generated by exposed wheels is comprehensive with a large body of literature 
exploring the subject. Fackrell & Harvey (1974) performed the first widely accepted research 
investigating the aerodynamic differences between isolated stationary and rotating wheels. Testing 
was carried out using a slick tyre in contact with a moving belt at a Reynolds number of 5.3x105 
based on wheel diameter. The inference created by ground contacted prevented the use of a load 
cell and thus the forces acting on the wheel were derived from static pressure measurements; 
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tappings located across the width of the tyre recorded pressure data as the wheel rotated. Although 
wake data was not recorded, these measurements informed upon the flow field with two notable 
features. Firstly for the rotating wheel a peak Cp of approximately 2.2 was recorded just ahead of the 
contact patch (Figure 1-11), it is uncommon for subsonic flows to reach pressure coefficients greater 
than 1 and thus Fackrell & Harvey reasoned this result was due to the viscous forces converging at 
the wheel/ground interface. The result of this high pressure area was a sideways jetting of the flow 
just forward of the contact patch. Secondly the separation point of the rotating wheel was seen to 
move towards the freestream as shown in Figure 1-12. Although not investigated by the authors, 
these features impact the wake flow resulting in distinct wake patterns between the stationary and 
rotating configurations.  
 
Figure 1-11 – Static pressure distribution about the circumference of a stationary and rotation wheel (Fackrell 
& Harvey, 1974). 
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Figure 1-12 – Change in flow separation point due to wheel rotation, wheel stationary (left) and rotating (right) 
(Fackrell & Harvey, 1974).  
The difference in stationary and rotating wheels wakes was measured by Bearman et al. (1988) 
using the same experimental setup as Fackrell & Harvey but at a slightly higher Reynolds number of 
5.5x105. A nine-hole pressure probe was used to interrogate the wake at 2.5 wheel diameters 
downstream of the axle line with data plotted as transverse maps of total pressure and streamwise 
vorticity. Although low in fidelity, these results provided insight into the behaviour reported by 
Fackrell & Harvey. In both cases the wake was composed of a counter-rotating vortex pair featuring 
downwash at the centreline and a corresponding area of velocity deficit, influence from the 
mounting sting was also seen on the right side of all plots (Figure 1-13 and Figure 1-14). The vortex 
pair was seen to originate from the wheel and ground interaction with the stationary case exhibiting 
much higher vorticity readings. This vortex pair travelled further downstream, was laterally 
separated and higher from the ground than that of the rotating wheel case. Pressure distribution 
also showed the stationary wake was much lower and wider than the rotating case which resembled 
an inverted-T (Figure 1-14). The difference in pressure distribution was reasoned to be a result of the 
change in separation point as observed by Fackrell & Harvey in conjunction with the stronger 
vortices generated by the stationary wheel which would lower and spread the wake laterally with 
downstream distance.    
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Figure 1-13 – Contours of constant streamwise vorticity, wheel and floor stationary (upper), wheel rotating 
and floor moving (lower) (Bearman et al., 1988).  
 
Figure 1-14 – Contours of constant total pressure, wheel and floor stationary (upper), wheel rotating and floor 
moving (lower) (Bearman et al., 1988). 
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The wake structure of course depends on longitudinal distance as demonstrated by the work of 
Saddington et al. (2007) who indentified two distinct regions. This research is the most complete 
account of exposed isolated wheel wakes to date and resolves contradictions of earlier research that 
gave differing descriptions of the vortex structure. The experimental design used a 50% scaled 
Formula 1 front wheel in a moving ground, temperature controlled, wind tunnel. The wheel model 
was a highly detailed scale replica featuring through hub flow, a ventilated brake rotor, non-
deformable tyre and a suspension upright. Wake surveys were performed via LDA across three 
transverse planes at a Reynolds number of 6.8x105 based on wheel diameter. Only a rotating 
configuration was tested with three streamwise locations interrogated; 0.6, 0.75 and 1 diameters 
downstream from the wheel axle. Results confirmed the observations of Bearman et al. (1988) and 
recorded the wake structure in great detail. The region of velocity deficit behind the rotating wheel 
exhibited large areas of reversed flow and the overall shape was best described as an inverted-T. The 
regions of reversed flow occupied the projection of the wheel above half wheel height while 
extended beyond the projection in close proximity to the ground. The vortex structure agreed with 
the results of Bearman et al. but only for measurement greater than 1 diameter downstream; in the 
near wake four streamwise vortices where present in the form of two contra-rotating pairs, with the 
lower pair much larger and better defined than the upper (Figure 1-15). Within one diameter 
downstream the wake pattern changed as the upper vortex pair merged with the ground vortex pair. 
This dependence of wake behaviour on downstream position was summarised through a simplified 
wake model shown graphically in Figure 1-16. 
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Figure 1-15 – Isolated wheel data for 0.6, 0.75 and 1 diameter downstream of axle. Contours of mean 
streamwise velocity (left) and secondary velocity vectors (right) (Saddington et al., 2007). 
 17 
 
 
Figure 1-16 – Model of trailing vortex system at spacings less than 1 diameter downstream (left) and greater 
than 1 diameter (right) (Saddington et al., 2007). 
Although these measurements defined the wake flow of a simplified case extremely well, real-
world vehicle conditions are quite different. For modern open-wheel racing cars the internal volume 
of the wheel houses the braking system which requires significant cooling usually by the way of 
convective heat transfer. Through-hub flows are thus a common design features and indeed 
important to vehicle performance. Sprot et al. (2011) investigated the influence of such cooling flows 
on the lift, drag the wake structure produced by an isolated wheel. The investigation was performed 
using a 50% scale Formula 1 front wheel assembly which featured a rigid tyre and a fixed camber 
angle of 3.5°. Testing was conducted at a Reynolds number of 4.8x105 based on wheel diameter 
using a combination of RANS based CFD and wind tunnel testing to validate these results. Empirical 
experimentation was performed with a moving ground plane while computational simulations used 
the single equation Spalart-Allmaras method for turbulence modelling. Wake results from the CFD 
simulations showed an over-reporting of velocity vectors but the same general trends of wind-
tunnel results, simulation data was thus determined to be accurate enough to investigate general 
flow formations. An asymmetric wake for the baseline case was measured owing the camber of the 
model however, when through-hub flow was simulated the wake became more symmetrical with a 
larger lower vortex pair (Figure 1-17). This difference was attributed to an interaction between the 
cooling flow and jetting at the contact patch; an increased velocity at the outboard face of the wheel 
reduced the outboard vortex strength and in turn moved the wake towards the centreline. Without 
the influence of camber it can be reasoned such through-hub flows would result in an asymmetric 
wake, however the results of Sprot et al. indicate such changes would be relatively small and likely 
restricted to optimisation studies.  
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Figure 1-17 – CFD plane at one diameter downstream, upper with no through-hub flow and lower with 
through-hub flow (Sprot et al., 2011).  
Further detailed research was carried out by Sprot et al. (2012) with a focus on understanding 
the aerodynamic changes induced by a deformable side-wall. Experimentation was completely 
empirical using a fully deformable pneumatic tyre and a rolling-road wind tunnel, testing was 
performed a Reynolds number of 4.8x105 based on wheel diameter at a camber of between 3.2° and 
3.45°. Transverse wake maps taken via a 5-hole pressure probe showed that as tyre deformation 
increased the width of the wake decreased, this was most prevalent for the outboard side and in 
close proximity to the ground (Figure 1-18). Despite this difference the total pressure loss within the 
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wake was comparable and therefore only the size of the wake appeared to differ. This change also 
reduced with downstream spacing as measurements taken at two diameters from the axle were 
reasonably similar.  
 
Figure 1-18 – Pressure coefficient contours for a isolated deformable tyre at low (left) and high deformation 
(right), taken 1.5 diameters downstream of the axle with red outline Cp0 = 0.9 (Sprot et al., 2012). 
Although the inclusion of through hub flows and deformable side walls yields a change in wake 
behaviour, the inclusion of an accompanying vehicle is far more significant. Knowles et al. (2013) 
investigated this change using the same equipment, test procedures and facilities as Saddington et 
al. (2007) but with the additional of a scaled vehicle model. Measurements were made behind the 
front left wheel via a three-dimensional LDA system at 0.75 and 1 diameters downstream. Results 
suggested that flow separation on the wheels occurs much earlier than in an isolated case yielding a 
taller and asymmetrical wake. This earlier separation also reduced entrainment of any upper 
vortices resulting in a wider wake at the upper section and no discrete vortex structure as seen in 
Figure 1-19. From these results it was concluded that isolated wheel wakes are generally not 
representative of on-car conditions with significant differences in the wake structure seen between 
the two cases however, the quantitative response (i.e. magnitude of velocity deficit) was reported to 
be similar.  
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Figure 1-19 – Front wheel wake contours in the presence of a full vehicle, mean streamwise velocity (upper) 
and secondary velocity vectors (lower) (Knowles et al., 2013). 
From the literature it can be seen that the flow mechanics of a rotating wheel differ quite 
significantly from that of a stationary wheel. For accurate wake flows rotating wheels should be used 
although the inclusions of detailed considerations such as through-hub flow and deformable tyres 
would depend on the goal of the each study. For optimisation studies modelling isolated wheel flows 
to this level of accuracy has been shown to yield discrete wake behaviour however, for generalised 
work the interference effect caused by the addition of a vehicle body is far more dominant. This 
assertion is supported by the vehicle wake data discussed in the previous section which showed no 
flow structures directly attributed to an isolated wheel wake. As such it is reasonable to suggest that 
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a simplified wheel model could be used in the simulation of an open-wheel racing car wake for far 
field results.  
1.3  Wake Analysis Methodologies 
In this section the use of wind tunnel and CFD methods for vehicle wake testing is explored, a 
focus is placed on generating the flow features discussed in the previous section and the strengths 
and weaknesses of each method discussed.  
1.3.1  Computational Fluid Dynamics 
The wake of an open-wheel racing car presents a challenging problem for computational 
simulations; bluff body flows, turbulent decay, vortex generation/breakdown and a wide range of 
characteristic scales must all be modelled accurately by the solver. A range of simulation techniques 
are also available and thus it is sensible to explore these solvers based on the type of turbulence 
model implemented.  
1.3.1.1  Reynolds Averaged Navier-Stokes  
RANS based simulations are one of the most applied CFD methods in part due to their 
computationally efficiency. Solvers using the well known two-equation turbulence models and their 
derivatives have been applied to most engineering problems including automotive wake flows. Fu et 
al. (2017) performed such a study on a NASCAR racing car using a steady-state solver and three 
turbulence models; k-ε AKN, k-ε realisable and k-ω SST. This sensitivity study considered both force 
and flow field results with the former validated using data from wind-tunnel experiments. Force 
coefficients showed reasonable agreement for all models (within 6% of wind tunnel data) however 
lift distribution was not predicted as well with up to 13% error reported; to reach these values 
adjustment to the turbulent constants of the SST model were required. Although force results 
showed a small sensitivity to the turbulence model implemented, wake results, and in particular the 
predicted separation regions, showed a far greater sensitivity. Without empirical wake data this 
sensitivity was only explored in relative terms however, this work highlights the limitations of two-
parameter models when predicating areas of recirculation. This sensitivity is well know and was 
explored by Gilmore and Jermy (2007) using the test case of a two-dimensional square cylinder. 
Simulations was carried out at a Reynolds number of 21400 using a range of turbulence models; 
standard, realiazable and RNG k-ε models and the standard and SST k-ω models were all considered. 
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Through comparison to experimental data, it was shown the choice of turbulence model had a 
significant effect on the location and magnitude of the recirculation zone downstream of the 
cylinder, the standard k-ω model yielded the most accurate predictions yet was still a poor fit to the 
empirical data (Figure 1-20). By modifying the constants of the standard k-ω model parametrically, 
better agreement was attained although a trade-off relationship was observed; accurately predicting 
the length of the recirculation bubble came at the expense of velocity accuracy within the circulation 
bubble. This result, demonstrated by other authors (Rodi, 1997 and Murakami & Mochida, 1995), 
highlights inaccuracy of k-ε and k-ω models in predicting the streamwise length of a wake, as such 
these models are not capable of predicting the flow behaviours under examination in this thesis to 
the required accuracy.  
 
Figure 1-20 – Turbulence model sensitivity study along the centreline of a square cylinder wake (Gilmore and 
Jermy, 2007). 
The Spalart-Allmaras method is a one-equation turbulence model also widely applied to 
aerospace and automotive flow simulations. Intended primarily for flows with minimal separation, 
this model is frequently employed where unsteady analysis is required such as for asymmetric flow 
structures (Sims-Williams et al., 2011 and Sprot et al. 2011). This characteristic lends itself to a 
variety of problems including the investigation of asymmetric wake flow behind automotive vehicles. 
One such study was carried out by Guilmineau (2007) who analysed a number of turbulence models 
including the Spalart-Allmaras model on two configurations of the Ahmed body; 25° and 35° rear 
slant angle. Validation was performed using drag and wake measurements obtained from the wind-
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tunnel experiments of Lienhart & Becker (2003). The Spalart-Allmaras model predicated the basic 
flow topology reasonably well for the larger slant angle but over predicted the drag coefficient by 
35%. At a rear slant angle of 25° flow over the rear of the Ahmed body begins to transition and 
becomes more three-dimensional, this case highlighted the limitations of the Spalart-Allmaras model 
which performed poorly in predicting both the wake flow and drag coefficient. This is expected given 
the use of this model for three-dimensional flows with strong separation is outside the typical 
application (Spalart & Allmaras, 1992, Spalart, 2000 and Spalart et al., 2015).  
Indeed the use of RANS methods to simulate strong wake flows, such as that behind an open-
wheel racing car, is intrinsically limited given the calibration base of these models. A key feature of 
the wake flows under analysis in this research is vorticity which is not accurately modelled with 
current RANS methods. This point was demonstrated by Spalart et al. (2015) through a comparison 
of RANS and DNS modelling of vortex generator flow. Results from the RANS simulation showed 
vortex creation was accurately captured by the model given its inviscid nature however, errors 
began to dominate downstream where vortex interaction and breakdown began to occur. This was 
explained by the authors through the absence of vortex cases in the calibration base of the 
turbulence models, which are dominated by homogeneous turbulence and thin shear flows. The use 
of a purely RANS based simulation therefore cannot accurately predict the decay and topology of a 
turbulent wake featuring strong vorticity, like that generated by an open-wheel racing car. For these 
reasons RANS based simulation were not considered applicable to the research in this thesis, 
however the possibility of implementing a hybrid model that uses RANS in a limited fashion will be 
explored in a subsequent section.  
1.3.1.2  Large Eddie Simulation 
LES are typically implemented by splitting the flow into two regimes; large eddies are resolved 
directly while small eddies are solved using implicit models. A range of options exist for these sub-
grid scale (SGS) models however all are a form of empericalisim and aim to reduce computational 
effort to a tenable level. The computational requirement for true LES is much greater than a 
simplified approach such as RANS, indeed Spalart (2000) considers full LES to be a quasi-direct 
numerical simulation for near wall areas as within this region no eddy type remains un-resolved.  
Accordingly, the use of LES for applied studies has remained limited until recent times; a review by 
Saguat & Deck (2009) highlighted that while LES has been applied to many flow regimes, most 
considered academic configurations rather than applied engineering problems. A more recent 
 24 
 
review was performed by Zhiyin (2015) which showed an uptake of LES within engineering and 
particularly for turbine, combustion and multi-phase flows where complex nature of empirical 
experiments justifies the associated computational burden.  
Applications of true LES to external vehicle aerodynamics are present within the literature 
however these studies remain comparatively immature. Tsubokura et al. (2007) performed such a 
study on a Lola open-wheel racing car. Despite the impressive computational resources used, this 
publication was primarily an advertising drive with questionable scientific investigation. Validation 
was scarce using only mean force coefficients and results from a previous study considering a 
generic vehicle reference form. Lift results were reported to be within 1% of wind tunnel data 
however drag was under reported by approximately 10%. As the authors did not investigate this 
discrepancy, the agreement in lift results and indeed the study itself should be viewed with 
scepticism. The need to validate each simulation configuration combined with the computational 
burden of true LES remains the main barrier. Aljure et al. (2014) attempted to resolve these issues 
through a parametric study of different SGS models and course meshes. Two passenger vehicle 
reference forms were analysed (the Ahmed and ASMO bodies) for which significant empirical data 
exists to validate against. Results, particularly the aft-body flow, showed reasonable agreement to 
the literature however the authors suggested the use of higher resolution grids restricting such 
analysis to all but the most powerful supercomputing clusters.  
Within engineering analysis the use of LES is critical, however full simulations of vehicles 
exhibiting large separation, operating in sizeable domains and at a high Reynolds number is currently 
not a viable research methodology. Pioneering studies in this area suggest that the increase in 
computational power required is within reach but may remain more than a decade off (Spalart, 
2000). For this reason the main use of LES continues as an embedded solver where it is coupled with 
a secondary solver.  
1.3.1.3  Hybrid Simulations  
Hybrid methodology is the application of traditionally separate CFD methods into a single 
simulation and has been an area of particular interest and rapid progress in recent years. Here a high 
and low fidelity model is combined thereby balancing computational costs against simulation 
accuracy. For external vehicle aerodynamics two methods have seen the widest application; solvers 
using LES coupled with a simpler package, usually RANS, and Lattice-Boltzmann methods.     
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The use of LES as an embedded solver can take several forms depending on the specific 
turbulence model and coupling method that is implemented. Approaches using two-equation RANS 
models and spectral approximations have been successfully applied to the analysis of external 
vehicle aerodynamics (Minguez et al., 2008 and Caridi et al., 2012) although the greatest quantity of 
research considers Detached Eddy Simulations (DES). DES typically uses the RANS based Spalart-
Allmaras turbulence model within boundary layers while applying an LES treatment for separation 
regions. Originally developed for high-Reynolds number, massively separated flows, DES has been 
successfully applied to ground vehicle flows while using a fraction of the computational budget of 
pure LES (Spalart, 2009, Spalart et al., 2006, Castro et al., 2013, Favre & Efraimsson, 2011 and Islam 
& Thornber, 2016). The primary limitation of this model is the response to ambiguous mesh 
geometries, in particular those where grid spacings in proximity to walls approach the thickness of 
the boundary layer (Spalart et al., 2009). In these situations simply increasing mesh densities can 
have a detrimental effect, resulting in worse accuracy than for a pure RANS simulation alone. 
Therefore the user must be familiar with the correct implementation of DES and also the stringent 
requirements on validation practices that is behaviour brings; the non-monotonic behaviour 
between grid density and solution convergence could yield erroneous results.  
The CFD methods discussed so far are based on the Navier-Stokes equations whereas the 
Lattice-Boltzmann Method (LBM) has its roots in kinetic theory. The simplicity of this formulation 
and recent advancements has, in part, led to LBM being applied to a wide range of flow problems. 
LBM has proven a reliable, robust and computationally efficient solver while the main limitations, 
namely high-mach number and multi-phase flows, are not of relevance in this research (Aidun & 
Clausen, 2010 and Sukop & Thorne, 2006). However as an inherently unsteady solver the application 
of LBM should be restricted; for comparable RANS methods steady-state solutions are about one 
order more expensive whereas unsteady solutions prove about one order less expensive (Noelting & 
Fares, 2015). These properties lend LBM to several flow regimes and particularly those where vortex 
lift and high-lift generation configurations are considered. As such ground vehicle aerodynamics, 
including that of open-wheel racing cars, has been an early adopter of LBM with very promising 
results (Newbon et al., 2015; 2017, Hennig, 2011, Albukrek, 2006 and Duncan, 2002). Once again the 
complexities of this method preclude a black-box style implementation and care must taken when 
considering validation schemes.  
Hybrid simulations and in particular LBM provide a reasonable trade-off between fidelity and 
computational resources for the flow fields under consideration in this thesis. Previous studies have 
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proven the analysis of open-wheel racing car wakes is within the capability of LBM (Newbon et al., 
2015; 2017), although the original and complex nature of these flow structures would require a 
validation methodology based on empirical data.  
1.3.1.4    Direct Numerical Simulation 
The most accurate and advanced simulation technique currently available is Direct Numerical 
Simulation (DNS); here the governing equations are numerically solved and turbulence is resolved at 
all spatial and temporal scales. This yields highly accurate results but also a very large computational 
burden, as the number of operations increases rapidly with spatial size and Reynolds number. This 
has limited DNS to fundamental fluid dynamic research at small spatial sizes and low Reynolds 
numbers (Schlatter & Örlü, 2010 and Ishihara et al., 2009). The computational budget for a typical 
engineering problem exceeds that currently available by even the most powerful supercomputers 
and thus DNS was not consider further in this research.  
1.3.1.5  Application of CFD in this research 
In this thesis the application of CFD was limited, not due to the capabilities of the solvers but 
rather because of the type of experiments that were required. Of the computational methods 
available, hybrid solvers are the most capable of simulating the wake of an open-wheel racing car 
however, as with any simulation the validation procedure must be carefully considered. Given the 
integrity required for this research and the characteristics of hybrid solvers, empirical validation for 
each simulation would be necessary. As a series of experiments was required, with each using a 
unique configuration (see Section 1.5 ), simulation of any experiment would necessitate a 
counterpart empirical experiment for validation purposes. Given public domain data on open-wheel 
racing car wakes is insufficient for such validation, empirical data would have to be generated 
exclusively for this thesis. In short the efforts required to validate CFD experiments were deemed 
great enough to offset the benefits on offer and thus all research was carried out empirically. 
1.3.2  Wind-Tunnel Testing 
The validation requirements for wind-tunnel testing are usually less encompassing than those 
for computational methods, however the use of a wind tunnel is not always a guarantee of 
reproducing real world testing. For an open-wheel racing car there are several modelling criteria that 
prove important, a variety of techniques may be employed to achieve these each with their own 
advantages and drawbacks. 
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1.3.2.1  Geometric Similarity 
The majority of automotive wind-tunnel testing is performed using geometrically scaled models 
owing to lower financial burden and greater facility choice. For scaled testing, models are required 
to be an exact replica of the full-size vehicle and in the strictest sense this should also be extended to 
scaling model tolerance to match the full-size counterpart. Cooper (1984) concluded that for surface 
vehicles, well detailed models are required if full-scale aerodynamic behaviour is to be predicted 
accurately. Furthermore the importance of fine detailing for areas of the model where small flow 
changes can have large influences upon the aerodynamic performance was outlined by Watkins 
(1990).  
Although parts of open-wheel racing cars can be highly streamlined, as a whole these vehicles 
are relatively aerodynamically inefficient with lift-to-drag ratios in the range of 2.5 (Agathangelou & 
Gascoyne, 1999). The small penalty of drag and a premium upon downforce creates a design 
methodology where vehicle wings sometimes operate in post-stall condition, particularly at the rear 
of the car. The addition of Gurney flaps to the trailing edges of wings and vortex generators around 
the floor pan further complicates the flow topology. As identified by Katz & Garcia (2002) incomplete 
modelling of such components leads to large shifts in the drag and, in particular, the lift produced. 
Wheel geometry is also of importance owing to its the exposed nature, in particular tyre shoulder 
shape and tread pattern have been shown as aerodynamically sensitive (Fackrell & Harvey, 1974). 
Thus detailed attention should be paid to any wings, lifting surfaces (including the floor), vortex 
generators, suspension and wheel details when creating a model of an open-wheel racing car.   
1.3.2.2  Reynolds Number 
Dynamic similarity requires model-scale and full-scale Reynolds number to be the same; a 
condition not usually met. Two ways exist to achieve this, either large tunnels and models or small 
models with large tunnel velocities. Neither is particularly practical with the former being very costly 
and compressibility effects placing a limit on the latter. The influence of Reynolds number also 
depends upon the test article; lift and drag coefficients of bluff body type shapes generally prove 
insensitive to changes of one or two orders of magnitude. Whereas aerodynamic forces produced by 
semi-streamlined shapes can be influenced by much smaller changes in Reynolds number. As an 
open-wheel racing car has a mix of semi-streamlined lift generating surfaces and bluff body 
components, Reynolds effects will be present. However due to the low aerodynamic efficiency this 
sensitivity may not be to the extent of a highly streamlined shape such as an aircraft. For most semi-
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streamlined shapes there exists a critical Reynolds number, once reached lift and drag coefficients 
prove relatively insensitive to further increases in Reynolds number. Defining this critical value 
would be useful as it affords a confidence in the testing methodology and also allows model-scale 
results to be extrapolated to full-scale.  
Bonis & Quagliotti (1986) tested a ¼ scale Formula 1 car in two separate wind tunnels but at a 
fixed Reynolds number of 1.8x106 based on car length. Within the paper it is mentioned that 
Reynolds sensitivity was investigated and that the model-scale results compared favourably to full-
scale track data, yet these data were excluded from the published research with no explanation. 
Wake maps from both full and model-scale testing revealed a significant difference, however it was 
not clear if this was a Reynolds, blockage or boundary effect. In a more recent publication, Dimitriou 
& Garry (2002) examined the influence of a moving belt width upon the aerodynamics of a 50% scale 
Formula 1 racing car. Testing was conducted at a fixed speed of 35 m/s and although Reynolds 
number was not explicitly stated it can be estimated as approximately 5.2x106 for a model length of 
2.3 m. This is significantly higher than Bonis & Quagliotti achieved at model scale and above the 
recommended minimum of Gross & Sekscienski (1966), interestingly sensitivity was not explored by 
the authors. Wilson et al. (2008) also investigated the wake structure generated by Formula 1 cars 
but only achieved a Reynolds number of 6x105 based on model length. This being much lower than 
other published work owing primarily to the small size of the model. This possible shortcoming was 
noted by the authors but they contended the Reynolds number was high enough to generate 
representative wake structures.  
Katz (2002) investigated the aerodynamic effects of various car components on a ¼ scale Indy 
car at a Reynolds number of 4.5x106 based on model length. It was argued that this value is sufficient 
for automotive testing as it is comparable to that achieved in larger (40% - 50% scale wind tunnels) 
where a significant volume of private work was conducted. However Katz raised an important point; 
when calculating Reynolds number based upon rear wing chord the result was over an order of 
magnitude lower (0.34x106). Comparing Reynolds number based upon vehicle length is not 
necessarily the best metric when it comes to downforce-producing vehicles. Instead one must 
consider the Reynolds number of more sensitive aerodynamic components; wings, lift generating 
surfaces and wheels.  
The exposed nature of the wheels contributes significantly to the overall aerodynamic 
performance and thus reproducing the real world flow behaviour of the wheels is an important 
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component to a valid simulation. There is a wide body of knowledge surrounding rotating cylinders 
in a freestream, which while not a facsimile of a rotating wheel in ground contact does provide 
useful insights. Hoerner & Borst (1975) reported on the rotational influence upon lift generated by a 
cylinder between the Reynolds numbers of 4x104 and 6.6x105; it was found the lift coefficient varied 
2.3 times more for the stationary cylinder than for the rotating case. Although the influence of 
ground contact was not accounted for the principle of rotation reducing Reynolds number sensitivity 
is relevant. Fackrel & Harvey (1974) produced the first widely accepted research into the 
aerodynamics of a rotating wheel in contact with the ground. This experiment was performed at a 
Reynolds number of 5.3x105 and has been reproduced several times by independent researchers 
(Bearman et al., 1988, Mears, 2002:2004 and Sprot, 2012) using Reynolds numbers which ranged 
from 47 to 104 percent of the original study. These combined results showed very good agreement 
both in terms of pressure distribution and aerodynamic forces despite the differences in Reynolds 
number. Given the literature reports a large Reynolds number bandwidth where aerodynamic 
behaviour is unchanged it is expected rotating wheels within this range will exhibit the correct 
aerodynamic performance.  
Determining the critical Reynolds number is complicated by its dependence on other factors 
including, local Reynolds number, surface roughness, freestream turbulence and local pressure 
gradients. Setting Reynolds number based on vehicle length alone seems less than adequate, rather 
an approach considering the Reynolds number values of important vehicle components (i.e. wheels 
and wings) in conjunction with force measurements was used. These results are discussed in Section 
3.1 and further considered in Appendix A. 1.   
1.3.2.3  Ground Simulation and Wheel Rotation 
Correct modelling of ground and wheel configurations has a large impact on the validity of an 
aerodynamic test. This is especially true for downforce producing vehicles with low ground 
clearances and exposed wheels as in the case of this research. This being a widely researched area 
has resulted in a range of methods and simplifications being explored, for ease of presentation 
ground and wheel modelling methods will be discussed in one section given the interlinked nature of 
the problem.   
Removing or reducing the boundary layer thickness across the tunnel floor to simulate real 
world conditions can be done through a range of techniques. Simple approaches have sometimes 
yielded good results for little investment; this has included either a false floor elevated some height 
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from the test section or alternatively by lifting the model a distance equal to the ground boundary 
layer displacement thickness (Barlow et al. 1999). More recently complex methods including flow 
control have seen use; Mercker & Knape (1989) experimented by tangential blowing, while 
distributed suction was evaluated by Carr & Eckhart (1994). In both cases these techniques proved 
inferior to the use of a moving belt and as a result modern automotive wind tunnels use a complex 
combination of blowing, suction and moving ground to achieve the best ground simulation. This 
configuration also yields a secondary benefit in the form of inherent wheel rotation.  
Investigation into the efficacy of moving belt systems has primarily focused on the forces 
generated by a test vehicle and although wake flow is of primary focus in this research, the forces 
generated by an object are intrinsically linked to the aft-body flow. Beauvais et al. (1968) compared 
scale testing results over a fixed and moving ground (with non-rotating wheels in both cases) to 
coast-down tests done in calm conditions. The vehicle investigated was a passenger sedan with the 
model featuring interchangeable floor pans to study the effect of roughness. Surprisingly results 
from the fixed ground setup gave the closest data to coast-down tests with only an overestimation 
of drag coefficient by 1.5%. Results from the moving ground experiments were less accurate with lift 
data in error as much as 25% while the fixed ground yielded much closer results. The difficulty in 
mounting the model over the moving belt gave rise to measurement uncertainties that the authors 
could not resolve. However the trends from the moving ground experiments were more consistent; 
results showed lift and drag of vehicles featuring a smooth under body were quite sensitive to the 
floor boundary layer. This initial foray into moving ground experimentation demonstrated some of 
the difficulties in trying to achieve true dynamic similarity within a wind tunnel. The most common 
approach to resolve this problem is to disconnect the wheels from the model thereby removing the 
interference of the belt. As a result the vehicle forces can be easily obtained but wheel forces still 
retain interference from the belt and are more complex to resolve. Simply not assessing the wheel 
forces is a common methodology with this experimental setup. 
Bonis & Quagliotti (1986) used such as setup while experimenting on a ¼ scale Formula 1 car in 
two wind tunnels; one with an elevated ground and the other a moving ground. Experimentation in 
the conventional wind tunnel was primarily limited to wake surveys while the moving ground tunnel 
was used to gather force data. In order to decompose the influence of ground movement and wheel 
rotation two setups were used; firstly the wheels were held stationary while belt movement was 
either on or off, in this case the wheels were elevated above the belt and sealing was achieved via a 
flexible strip. Results showed an increase in both drag and downforce, with 3-4% and 30-40% change 
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respectively depending upon the ride height. Over the range tested, decreasing ride height led to 
increasing drag and downforce with a fairly linear relationship. The secondary setup had the wheels 
in contact with the belt and thus rotated when the belt moved. Data from this experiment were not 
presented within the publication but the authors indicated wheel rotation had little effect upon the 
magnitude of drag and downforce on the chassis. Carr & Eckhart (1994) performed a similar 
experiment but arguably with greater reliability. The influences of a moving ground and rotating 
wheels were tested on several vehicle types including an open-wheel racing car. Again the wheels 
were detached from the model and thus only forces acting upon the chassis were reported. The 
influence of the moving ground was seen to increase both downforce and drag, depending upon ride 
height and model setup changes of 20-40% and 4-17% respectively were recorded. Wheel rotation 
also increased both downforce and drag by an average of 16% and 8% respectively. Interestingly 
wheel rotation had no effect upon front axle downforce which suggests rotating the rear wheels was 
far more important. It was also determined that racing cars featuring a diffuser are far more 
sensitive to both a moving ground and wheel rotation.  
How a vehicle diffuser is influenced by a moving ground was explored by Bearman et al. (1988) 
for a generic passenger car shape known as the Davis model. This model features a simplified shape, 
no wheels and an interchangeable rear section that allowed diffuser upsweep to be varied from 0° 
to 40°. Experimentation was carried out in the Imperial College 4½’ by 4’ moving ground wind tunnel 
and gathered both force and flow field data. Reynolds number was set to 7.5x105 for force testing 
and reduced to 4.2x105 based on car length for wake surveys. Force data showed a change in 
magnitude between belt-on and belt-off configurations however the trends were consistent 
between the configurations, the diffuser also had pronounced effect on both lift and drag for 
upsweep angles between 0° and 25° (Figure 1-21). In this range it was suggested vortices were 
produced along the sides of the underbody, at greater upsweep angles separation occurred and the 
moving belt was seen to have little effect upon lift and drag. Unfortunately wake surveys were only 
carried out on one configuration of the model; that with zero diffuser upsweep. Flow field data were 
gathered along the centreline with streamwise and vertical velocity components recorded. The 
longitudinal maps clearly captured the recirculation bubble and subsequent downwash typical of 
passenger vehicles. There was however little change between the belt-on and belt-off cases and only 
in close proximity to the floor were the flow vectors significantly different. In this area the flow was 
seen to be parallel to the floor with the belt on, while having some downwash with the belt off; this 
was reasoned to be due to flow entrainment into the developing boundary layer (Figure 1-22). From 
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these results Bearman concluded that the moving belt does have an impact upon the near wake of 
passenger cars, albeit small, and further hypothesised that this influence would be even greater for 
vehicles featuring a diffuser. Whether this influence persisted further downstream remains 
speculative. 
 
Figure 1-21 – Effect of diffuser angle on drag and lift, x - floor stationary, o - floor moving (Bearman et al., 
1988). 
 
Figure 1-22 – Superposition of centreline velocity vectors, broad arrow head belt-on, narrow arrow heads, 
belt-off (Bearman et al., 1988). 
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Wiedemann & Potthoff (2003) explored the influence of boundary conditions on automotive 
aerodynamics further shedding more light on the behaviours reported by Bearman et al. (1988). This 
research was performed in the IVK 1/5 scale model wind tunnel which features a five-belt system and 
advanced boundary layer control (Figure 1-23). As a component of commissioning this rolling road 
system a series of experiments were carried out upon a generic passenger notchback vehicle. This 
included interrogating the wake both longitudinally and transversely while varying the boundary 
layer control mechanisms. Flow field measurements were made through a three-dimensional LDA 
system and while the exact geometry of the model was not reported, the wind tunnel velocity was 
listed (216 km/h) and thus Reynolds number can be estimated as 3.6 x 109. Measurements on the 
near wake flow showed that with the belt moving and wheels rotating there was a difference in the 
flow fields close to the ground; removing the boundary layer across the tunnel floor allows a higher 
flow velocity under the car which can be seen as a centralised core of fluid with pressure roughly 
equal to the free stream (Figure 1-24). The narrow width of this core was attributed to the wheel 
wakes and the presence of through hub flow was also a contributing factor. Changes away from the 
ground were also present, including a different base pressure distribution and a reduction in the 
downwash angle.  
The experimental system in use at IVK also allowed for the rotation of a models wheels 
independent of the centre belt and thus decomposition of belt movement and wheel rotation was 
possible. Not all permutations were tested, instead Wiedemann & Potthoff (2003) focused upon 
whether wheel rotation was needed in a moving ground wind tunnel. The results were detailed and 
somewhat geometrically specific, however it was concluded that rotating the rear wheels was far 
more important than rotating the front wheels. In fact only rotating the rear wheels was found to 
yield force results very similar to all wheels rotating. This strong correlation between rear wheel 
rotation and vehicle forces agrees with that reported by Carr and Eckhart (1994), unfortunately that 
study did not include flow field data although it supports the stance that rear wheel rotation has far 
more influence than front wheel rotation.  
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Figure 1-23 –IVK model wind tunnel test section showing 5 belt system and boundary layer control 
(Wiedemann & Potthoff, 2003). 
 
Figure 1-24 –Total pressure distribution in centreline and cross-section of notchback car model (Wiedemann & 
Potthoff, 2003). 
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Figure 1-25 –Isolated wheel rotation effects on lift and drag of two generic passenger car models (Wiedemann 
& Potthoff, 2003). 
 
Although a moving ground has become the de facto industry standard, the use of simpler 
techniques does not preclude useful experimentation on open-wheel racing cars. Katz (2002) 
highlighted this point through investigation of a ¼ Indy car over a stationary elevated ground. This 
included a detailed study into the components responsible for aerodynamic performance and 
comparisons between the wind-tunnel results and previously published on-track data. Findings 
indicated that testing over a fixed ground yielded behaviour which qualitatively matched on-track 
data but under predicted the magnitude of both lift and drag. It was the author’s opinion that fixed 
ground setups can yield useful data providing the goal of the study is not detailed optimisation of a 
vehicle. Soso & Wilson (2006) and Wilson et al. (2008) also used stationary ground planes while 
testing open-wheel racing car aerodynamics albeit in a limited fashion. Both studies analysed the 
wake flow generated by such vehicles using a bluff body generator and moving ground wind tunnel; 
here the generators were placed upstream of the belt on a section of fixed floor to allow the 
greatest longitudinal distance to be achieved (Figure 1-4).  Results indicated the fixed floor had an 
impact on the flow produced however this was not significant enough to invalidate the 
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methodology. Any boundary layer present across the wind tunnel floor will have a definite influence 
when testing ground vehicles however this can be minimised. While surveying ground simulation 
within automotive wind tunnels, Wing (1981) found satisfactory results can be obtained by adhering 
to certain conditions; mainly by ensuring the boundary layer displacement thickness is no more than 
10% of the vehicle ride height, an assertion corroborated by Cooper (1984) and Hucho (1998). These 
results indicate the use of fixed floor testing for racing cars, while not completely representative of 
the on-track environment, is a reasonable simplification in certain circumstances. 
As discussed in Section 1.2.1 a rotating wheel produces a significantly different wake than a 
stationary wheel, as the flow mechanics responsible have been covered therein, the current 
discussion will only consider ways in which a rotating wheel can be experimentally modelled.  The 
first consideration is whether the wheel must be in contact with the ground or not. Various 
researchers explored this concept independently, however their results did not agree (Morelli, 1969 
and Stapleford & Carr, 1970). Cogotti (1983) addressed this disagreement by varying wheel height 
while measuring the static pressure along the central circumference in conjunction with the lift and 
drag forces. The experimental apparatus featured a rotating wheel and stationary floor with ground 
contact achieved at zero height by a foam insert in the shape of the contact patch. Force 
measurements were made via a balance attached to the wheel motor and driveshaft, this assembly 
was exposed to the freestream and undoubtedly impacted the measurements as acknowledged by 
the author. Static pressure results indicated when a gap between the tyre and floor was present the 
flow would accelerate generating a suction across the bottom of the wheel with resultant 
downforce. As the gap was reduced the downforce also reduced until the gap was small enough for 
the flow to ‘choke’. Reducing the gap further saw a net lift generated until the wheel made contact 
with the floor. The point at which this flow ‘choking’ occurs was not completely reported, but 
Cogotti suggested a gap between tyre and floor of 1% wheel diameter or less. Given Cogotti’s results 
it would appear the best way to simulate rotating wheel flow accurately is to maintain some form of 
ground contact. 
The necessity of wheel rotation has also been explored with the most researched alternatives 
being methods that artificially induce separation. Proponents of this methodology have inferred that 
inducing separation earlier on a stationary wheel could be a facsimile given the separation point on a 
rotating wheel is farther windward. Inducing boundary layer separation is indeed a common 
technique in scaled wind-tunnel testing to ensure dynamic similarity to full-scale is achieved (Barlow 
et al. 1999). Diasinos (2009) used a RANS based solver and k-ε realizable turbulence model to 
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investigate the efficacy of boundary layer trips for a stationary wheel testing. Results showed that 
while a ‘gurney’ tab could induce separation at a location similar to a rotating wheel, reattachment 
quickly occurred due to a favourable pressure gradient (Figure 1-26). Separation then reoccurred 
however neither the force nor wake results showed any significant variation from the stationary 
wheel results. Arguably this result could be overcome by the use of a great trip mechanism however 
there proves several inherent limitations with this approach. The use of any boundary layer trip is 
highly Reynolds sensitive and must be tuned to the specific test conditions (Barlow et al. 1999). 
Secondly while the separation point can be reproduced with this means, the phenomena of jetting, 
which is arguable more important, is not reproduced. As such Diasinos (2009) recommended the use 
of a fully rotating wheel in contact with the ground to replicate the required flow structures.  
 
Figure 1-26 – Simulated flow field around a stationary wheel using a gurney trip (Diasinos, 2009). 
From the literature it can be stated that both ground contact and wheel rotation are required to 
create exposed wheel wakes which are reasonably accurate. However whether a rolling road is as 
critical to the wake field remains unclear. The general agreement between the pressure data 
obtained by Cogotti (1983) over a stationary ground and the work of other researchers who used a 
moving ground (Fackrell & Harvey, 1974, Mears, 2002:2004 and Sprot, 2012) possibly indicates 
ground movement may not be as important as wheel rotation. These considerations guided the final 
experimental designs used in this research, which were exploratory in nature and not optimisation 
studies.  
 38 
 
1.3.2.4  Boundary Effects 
RMIT has two wind tunnels capable of the proposed research, both being a closed-return type 
and featuring a closed test section. The influence of boundary effects was reviewed with this 
consideration in mind and did not consider open-jet type wind tunnels. A closed test section can 
introduce several aerodynamic effects including;  
 A constraining effect caused by walls of the wind tunnel, termed blockage. This in turn 
creates local speed increases which vary as the cross-sectional area of the blockage 
changes with longitudinal spacing. This effect can be separated into two sub-sections; 
that due to the model termed solid blockage and that caused by the wake aptly termed 
wake blockage.  
 A longitudinal static pressure gradient caused by the boundary layer growth along the 
walls, roof and floor of the working section. This can create an extraneous drag force 
know as buoyancy.  
 Changes in the flow pattern due to the solid boundaries of the working section, 
excluding of course the floor.  
These effects are complex to account for and vary with the model and blockage ratio; that is the 
model projected frontal area divided by the test section area. A significant amount of research has 
been conducted surrounding blockage effects and several correction methods exist. Developed for 
the aerospace industry, potential flow models have been used for data correction of streamlined 
bodies and showed good results (Pankhurst & Holder, 1952). Research examining the application to 
more bluff shapes such as automotive designs have proven less promising. Three-dimensional panel 
codes used by Katz (1996) were found to be difficult to develop and inaccurate for bodies exhibiting 
large areas of flow separation. A pressure signature method is more robust; early work by Hackett, 
Wilsden & Lilley (1979) showed that by pressure tapping the working section the solid and wake 
blockage could be evaluated and corrected for. Variations of this method have been formulated 
which differ in the location/number of pressure transducers used and the mathematical processing 
(Ashill & Weeks, 1986, Cooper et al., 2008 and Cooper & Mokry, 2014) however all methods are 
force-centric. Correcting wake fields is a more difficult prospect for anything more than a velocity-
factor correction. No firm basis for correcting dynamical measurements or fluctuating quantities 
currently exists, with exception to Strouhal numbers (see ESDU 80024), and so minimisation or 
prevention of blockage effects is therefore the best methodology.  
 39 
 
A review of confined blockage effects and correction methods provides a methodology for 
experimentation that is widely accepted (ESDU 80024). For blockage ratios below 1% no corrections 
are required, from 1% to 5% corrections are small and all methods are applicable, although routinely 
not applied. Between 5% and 15% the efficacy of correction methods becomes dependent upon the 
experiment in question and difficult to generalise, above 15% only pressure based methods prove 
accurate (Katz, 2002). Although meaningful experimentation has been carried out at blockage ratios 
of up to 20% this usually limits experimental work to trend investigations and not fundamental work 
(Katz, 2002). It is clear blockage effects can significantly increase uncertainty within experimental 
results if a blockage ratio greater than 5% is used.  
1.4  Wake Generation within the Wind Tunnel  
The ability to reproduce the aerodynamic environment experienced when drafting or in traffic 
essentially reduces to the capacity to generate a singular or series of vehicle wakes, although 
seemingly trivial, within a wind tunnel this is a complex prospect. The aircraft industry led the 
development of the first large and full-scale wind tunnels capable of vehicle testing in the early 20th 
century and as a result much of the wind-tunnel research and design philosophy used by the 
aeronautical industry became the de-facto standard. Here aeronautical wind tunnels were designed 
to replicate the environment aircraft spend the majority of the time operating in; isolated and high 
above the atmospheric boundary layer in extremely smooth flow conditions. Test sections were 
therefore kept long enough for only a single test article and any provisions for turbulence generation 
were minimal. Ground vehicle testing, in particular automotive research, inherited this approach and 
initially used either aeronautical wind tunnels or facilities designed on their principles. The 
implementation of specialised facilities began in the early 1930’s with more accurate ground 
simulation being a significant motivation (Schmid, 1938). However test section length in these early 
facilities was still only long enough to accommodate one vehicle owing to the physical limitations of 
boundary layer control systems, especially moving belts, used in such tunnels (Beauvais et al., 1968). 
The most recent generation of automotive wind-tunnels has, to a degree, overcome this with larger 
and more complex boundary layer control systems that have yielded test sections able to reproduce 
inter-vehicle spacings of one car length at a model scale of 60% (MTS, 2009). These conditions 
permit greater spacings to be achieved with reduced model scales although this comes at the cost of 
maximum Reynolds number.  
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Generating vehicle wakes in a wind-tunnel is thus primarily a problem of test section length; 
existing facilities are simple not large enough to accommodate multiple vehicles at full-size Reynolds 
numbers. One solution is to generate the required flow field through a turbulence generation 
system that ideally occupies less longitudinal distance within the test section than that of an 
upstream vehicle. However this is quite difficult to achieve in practice and even with active 
turbulence generation methods a reasonable longitudinal distance is required (Cogotti, 2004). The 
most pragmatic solution might be to simply increase the length of the working section although this 
would prove expensive for existing facilities, a solution may present itself from an alternative 
discipline. 
The industrial and wind engineering disciplines place a larger focus on replication of the 
atmospheric boundary layer and the kinds of turbulence generated by the natural wind. Generating 
these types of flows is usually done passively at, or just upstream of, the test section inlet requiring a 
significant longitudinal distance for the flow to develop. Hence such wind-tunnels usually feature a 
long test section and a small contraction ratio to facilitate this. The trade-off with these wind tunnels 
often comes in the form of lower flow quality and lower maximum working speed; such factors are 
not generally a hindrance for wind engineering since atmospheric flow is highly turbulent and 
Reynolds effects small, but these aspects must be considered for automotive research. In pre-
existing vehicle tunnels a possible solution to this longitudinal problem is to simply generate the 
required flow field upstream of the working section and advect this through the contraction to the 
test vehicle. The contraction would undoubtedly influence the wake with this change likely 
dependant on the contraction ratio and the characteristics of the wake itself.  
Although not quantified in entirety, there exists a general understanding about the wake of an 
open-wheel racing car; at its most basic this consists of an area of highly turbulent, low speed flow 
which is distributed by a streamwise counter-rotating vortex pair featuring upwash at the centreline. 
In this section the methods for generating such a flow field within a wind tunnel is discussed, the use 
of either a dedicated vehicle model or more general turbulence generation systems is compared and 
lastly the idea of generating this wake upstream of the test section will be considered. 
1.4.1  Turbulence Generation Systems 
Broadly speaking turbulence generation systems (TGS) can be broken into active and passive 
methods. Active methods use moving components such as vanes and fans to create turbulence while 
passive means rely upon vortex shedding from stationary objects and the subsequent breakdown of 
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these vortices to produce turbulence. The choice of which system to use depends upon a number of 
factors, particularly the type and magnitude of flow properties to be produced.  
Active systems can be further broken into three separate categories; drag devices which use 
vortex shedding as the main turbulence generation mechanism, lift devices that rapidly alter the 
flow angle and thrust devices that vary the freestream or local velocity. One of the practical 
differences in these systems is how they distribute turbulent energy within the frequency domain; 
generally lift-based and thrust-based methods operate at the lowest frequencies and generate the 
largest length scales while drag devices operate at slightly higher frequencies, see Figure 1-27. The 
turbulence properties of open-wheel racing car wakes are not known with such detail; the 
applicability of TGS cannot be made based on spectral parameters as intensities are the only 
turbulence parameters reported in the literature. However the basic structure and flow parameters 
of the wake are known and this allows the merits of each TGS to be assessed.    
 
Figure 1-27 – TGS and their spectral turbulence range, reproduced from Sims-Williams (2011). 
Drag based active systems are widely applied but in most cases are used to generate relatively 
homogeneous turbulence (i.e. Bienkiewicz et al., 1983, Cooper, 1989, Kobayashi et al., 1992, Wasco, 
2003, Holdsworth, 2005, Knebel et al. 2010 etc). These systems can form structured flow profiles, 
such as wakes, but this is usually requires the TGS to be designed for this purpose. Cekli et al. (2009) 
generated a shear turbulence profile with the aim to replicate the atmospheric boundary layer. This 
system consisted of a two-dimensional grid of diamonds with the rotation of each row controlled by 
an individual stepper motor (Figure 1-28). Through precise control of the diamonds an accurate 
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velocity profile was attainted however the relative orientation, rpm and other operational factors 
were determined from trial and error.   
 
Figure 1-28 – TGS schematic and flow profile generated (Cekli et al., 2009). 
The TGS in use at Pininfarina’s wind tunnel is more capable of generating a range of flow 
patterns. The system features a series of moveable vanes located on the tunnel floor just upstream 
of the test section (Figure 1-29) and was constructed with the aim of replicating both the natural 
wind and the wake flow generated by a ground vehicle (Cogotti, 2004). The system is capable of 
generating turbulence intensities of 8% through oscillation of the vanes, the rate of which can be 
individually controlled between 0 – 1 Hz with phase control. The system can be configured for a 
range of turbulence, velocity and vortex parameters, and is capable of generating flow profiles 
analogous to the wake of an open-wheel racing car (Figure 1-30). 
 
Figure 1-29 – Oscillating vanes of the Pininfarina TGS (Cogotti, 2004). 
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Figure 1-30 – Cross flow and vorticity created by the turbulence generation system in the Pininfarina wind 
tunnel (Cogotti, 2004).  
Lift devices generate turbulence by altering the angle of air flow rather than relying on vortex 
shedding. In most cases these systems use a series of moveable aerofoils at the start of the test 
section and aim to replicate natural gusts and crosswinds, as with the TGS used in the FKFS wind 
tunnel (Schröck et al., 2009, see Figure 1-31) and that of Durham University (Mankowski, 2013). 
Although good at reproducing on-road transients such as crosswinds, these systems are designed to 
minimise vorticity and thus not suited to generating the vortex structure present in a vehicle wake. 
 
Figure 1-31 – TGS in the FKFS wind tunnel (Schröck et al., 2009). 
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Systems that use fans, jets or similar to generate turbulence fall into the category of thrust 
devices. Design and operation of these systems varies considerably between applications, but all 
work by varying the local or freestream velocity. Using fan-based systems to create vehicle wakes 
could prove difficult given such systems are most suited to either the creation of homogeneous 
turbulence (Nishi & Miyahi, 1995 and Ozono et al., 2006) or as crosswind/gust generators (Carr, 
1994, Cooper, 1989, Docton, 1996 and Sarkar & Henn, 2002). Air injection systems could prove more 
suitable as they more easily allow the generation of a specified, non-uniform flow pattern. Sluman et 
al. (1980) simulated the atmospheric boundary layer using air injection across the test section floor 
to thicken the boundary layer. The resultant flow distribution matched atmospheric data well with 
mean velocity, turbulence intensities, Reynolds stresses, and turbulence spectra all reported. This 
work demonstrated the ability of jet systems to simulate a range of flow parameters quantitatively 
and qualitatively, and although more difficult it is reasonable to postulate such systems would be 
capable of simulating turbulent vehicle wakes.  
An open-wheel racing car wake could be simulated with an active TGS using drag and/or thrust 
based mechanisms, however, while adaptable the effort required to create such a system is 
significant. This would likely be a time and labour intensive process with a number of design 
iterations necessary, for research where only a single wake pattern is required, as is the case with 
this thesis, construction of a bespoke active TGS may prove overly complex and expensive.  
A passive TGS would provide a simpler approach using either grids or bluff bodies to generate 
the required turbulence. A limitation of such systems is the turbulence scales are typically of the size 
of the grid or body. When replicating the relatively large scales of atmospheric turbulence this is 
problematic but for smaller scales, such as a vehicle wake, this may not be an issue. The definition of 
a grid is not definite especially when considering the difference between what constitutes a screen 
as opposed to what constitutes a grid. For the purpose of this thesis the former is considered a 
turbulence-suppression device that breaks down larger flow disturbances and increases the 
isoptropy of the flow (Dryden & Schubauer, 1947, Comte-Bellot & Corrsin, 1965, Groth & Johansson, 
1988 etc). Classically grids span the entire test section and have been used to create nominally 
homogenous turbulence with high intensities to model the high frequencies of turbulence flow 
found in nature (Ravi, 2010, Fisher, 2013 and Marino, 2013). To model a vehicle wake only a local 
flow disturbance is required and thus a localised grid might be used. The applicability of such an 
approach can be considered using the formulations of Roach (1986); using an average pressure drop 
of 70% (Bonis & Quagliotti, 1986 and Wilson et al., 2008) the corresponding grid porosity is 
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approximately 0.1 for square mesh and 0.2 for a perforated plate. In depth calculations are provided 
by Roach for turbulence properties such as intensity and length scale, however detailed turbulence 
data for open-wheel racing car wakes is not present within the literature and further calculations are 
not possible. Grids with such low porosity would seem to act as a solid and thus it is a more common 
approach to use bluff bodies when generating automotive wake fields (e.g. Ahmed et al., 1986, 
Nouzawa et al., 1990, and Cogotti, 2000).   
The vortex structure within the wake could be generated with a wing, given the strength of 
these vortices it can be inferred the wing in question would be required to generate a large amount 
of lift or downforce (Soso & Wilson, 2006 and Wilson et al., 2008). A delta wing fits this requirement 
and generates a wake featuring a strong vortex pair (Miller & Williamson, 1997), however the 
longitudinal length of the delta wing may make it undesirable for this application. A multi-element 
wing with endplates as used on actual racing cars would be more relevant. The inclusion of 
endplates increases efficiency and the Fowler type configuration of the aerofoils generates large 
amounts of lift while keeping the aspect ratio low. Such a configuration produces a pair of strong 
counter-rotating vortices and furthermore is ubiquitous as racing car rear wings (Katz, 1995).  
The combination of a bluff body and multi-element wing with endplates will create the basic 
wake structure required as evidenced by the work of Soso & Wilson (2006), Wilson et al. (2008) and 
Newbon et al. (2015). In all instances such a wake generator was used however for this approach to 
be considered valid, the wake field in question must be well defined. Open-wheel racing car wakes 
have only been catalogued up to ½ car spacing and given most racing scenarios occur beyond this, a 
simplified wake generator cannot be assured to yield a truly representative wake, instead the surety 
of a complete vehicle body is necessary. 
1.4.2  Reference Bodies 
In an effort to standardise aerodynamic testing, there exist a number of vehicle reference 
bodies. These models are usually geometrically simple and have a well catalogued aerodynamic 
performance. Making use of this body of knowledge would prove time efficient and allow research 
to be easily reproduced and continued. Le Good & Garry (2004) conducted an extensive review of 
passenger car reference models describing their uses and aerodynamic characteristics. All the 
models reviewed were designed to replicate various types of passenger vehicles; fastback, 
notchback, saloon etc. The flows generated by these passenger vehicles, although sharing some 
similarities, is different from those generated by open-wheel racing vehicles.  
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Although commonplace in the passenger car industry, reference forms are not frequently 
employed in the racing industry. In the limited examples when such bodies are used, the models are 
bespoke and created for the given study. The aerodynamics of Group C sports cars was investigated 
by Brown (2005) using just such a model which represented a simplified car and featured only a 
front splitter, diffuser and rear wing but omitted wheels (Figure 1-32). As previously detailed Soso & 
Wilson (2006) and Wilson et al. (2008) used a similar methodology but for open-wheel racing cars, 
both created simplified bodies similar to that of Brown (2005). However two problems exist with 
both models; first neither published dimensional parameters and thus replication would be at best 
an approximation of the original authors work. Second the flow field generated by these bodies is 
not guaranteed to reproduce that of a full model; the wake generated by these simplified shapes has 
been reported to differ from that generated by a complete model and to diffuse more rapidly 
(Newbon et al., 2015). No reference forms currently exist capable of generating the wake pattern 
required, wake generation via a model thus requires the entire vehicle to be modelled in all its 
complexity.  
 
Figure 1-32 – Diagram of Group C model, dimensions in mm, after Brown (2005). 
1.4.3  Wake Generation Upstream of a Contraction  
The location of wake generation in a wind tunnel is an important choice for any research 
program. To catalogue the wake flow of a singular test article at small downstream positions the test 
section would appear to be the ideal location. However the length afforded by most wind tunnel 
tests sections is not sufficient for wake measurements at large spacings or indeed for drafting 
studies. Classically working sections were designed to fit only one vehicle and so the accommodation 
of multiple models requires some kind of compromise, usually in the form of reduced model scales 
and limited inter-vehicle spacings (Romberg et al., 1971). This problem is even more prevalent in 
facilities using moving ground planes; here one solution has been to replace the leading model with 
a much shorter wake generator (such as the work of Soso & Wilson, 2006, Wilson et al., 2008 and 
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Newbon et al., 2015). An alternative solution that makes the best use of the working section is to 
move the leading model upstream of the test section inlet. This means the wake would have to 
propagate through the contraction where flow properties would undoubtedly be altered. Such an 
approach is not unfounded as evidenced by Pininfarina’s open-jet wind tunnel which uses an active 
turbulence generation system located just upstream of the contraction (Figure 1-33); a system 
designed specifically to generate automotive vehicle wakes (Cogotti, 2004). 
 
Figure 1-33 – Turbulence generation system within Pininfarina’s wind tunnel (Cogotti, 2004). 
The question of flow changes due to a contracting stream could be approached by considering 
the flow field of an open-wheel car as composed of two primary structures; a vortex pair and area of 
turbulent, low speed flow. A significant body of research exists surrounding the effect that a 
contracting stream has on turbulence. Early work such as Prandtl (1933), Taylor (1935) and Batchelor 
(1953) considered the problem from an analytical standpoint and determined that the contraction 
generated a strain field which reduces the streamwise stress while increasing the lateral. 
Subsequent empirical and computational research quantified this straining influence on 
homogeneous turbulence with the behaviour in the core region (i.e. out of wall influence) well 
documented. The research of Comte-Bellot & Corrsin (1966) found that isotropy of grid turbulence 
was improved by a small contraction (ζ = 1.27) with the axial and transverse velocity components 
forced towards equality. These findings were extended by Antonia et al. (2010) using a similar 
experimental setup and a ζ of 1.36. Spectral data showed the transverse velocity components were 
less affected than the streamwise component; the longitudinal reduction was particularly marked at 
low frequency where a significant amount of energy was lost. As the contraction ratio is increased 
the influence on turbulence is altered; experimenting on mesh generated turbulence passing 
through an axisymmetric square contraction of ζ = 4, Uberoi (1956) demonstrated that the absolute 
magnitudes of streamwise turbulence were reduced while the transverse components were actually 
increased. This behaviour holds at higher contraction ratios as evidenced by the work of Han et al. 
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(2005) that confirmed the contractions influence for a ζ = 11.3. Research by Jang et al. (2011) shed 
light on this behaviour through numerical research on three contraction ratios (ζ = 2, 4, and 8), the 
results of which were empirically confirmed for the greatest ζ configuration. Flow disturbances 
studied were the result of fully developed pipe flow with the findings confirming the contraction 
ratio as a key factor in how turbulence was influenced. Two distinct regimes were apparent with 
transition occurring between a contraction ratio of ζ = 2 and ζ = 4; below this range the contraction 
promotes isoptropy while above it the streamwise component is suppressed while the transverse 
components are amplified. The exact cross-over between these regimes is unclear from the 
literature available however this behaviour is of particular importance as the lower end of this range 
is typical of wind engineering and industrial wind tunnels whereas the upper end is typical of the 
lower limit of automotive facilities. Thus the efficacy of any wake generation method that passes the 
flow field through a contraction will be contraction-ratio centric. 
The research of Jang et al. (2011) also determined the contractions influence as dependant 
upon wall distance. For the two larger contraction ratios (ζ = 4 and 8) three main regions were 
identified and each with different influences; the near-wall region where turbulence is primarily 
within the streamwise direction, the core region where disturbances tended towards two-
component turbulence, that is in the transverse plane, and an intermediate area between these two 
regions where turbulence is mostly isotropic. It was deduced that the mechanism responsible within 
the core region was a significant suppression of streamwise stress, while in the near wall 
suppression of the wall-normal stress occurs. It should be noted that these studies only considered 
mesh or fine grid generated turbulence which was either isotropic or homogeneous, of intensities 
less than 4%, with small length scales and were longitudinal stable (i.e. minimal streamwise decay). 
Whether these findings directly predict the influence a contraction would exert over a highly 
turbulent anisotropic wake is unclear.  
Literature detailing the influence a contraction has upon vortices is sparser. Copland (1997) 
generated a transverse vortex within the contraction of wind tunnel in order to investigate the 
influence a ring vortex system generated by a helicopter main rotor has upon tail rotors. However 
this work was primarily focused on transverse vortex generation rather than the influence a 
contraction has upon a vortex, primarily because the vortex was generated within the contraction 
and not upstream of it, see Figure 1-34.  The current best understanding of this influence is work of 
Jang et al. (2011) who analysed the changes in vortex structure as fully developed pipe flow passed 
through various contraction ratios as discussed above. Here the vortices were found to stretch as 
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they pass through the contraction and resolve to be aligned with the flow direction. Vortices which 
originally have a streamwise component first stretched into a pair of counter-rotating vortices which 
then disconnected and aligned with the mean flow (Figure 1-35). Relatively speaking these vortices 
were quite weak and spatially small, and whether the behaviour would remain consistent with larger 
more powerful vortex structures is unclear. Exactly how a contraction influences strong vortex 
behaviour and structure remains an open question.  
 
Figure 1-34 – Transverse vortex generation system used by Copland, 1997. 
The concept of generating a wake in the settling chamber of a wind-tunnel and advecting this 
through to a test article in working section appears promising. This would afford greater longitudinal 
spacings which seems necessary in the case of drafting or traffic simulations. Although this process 
will undoubtedly change the flow structure, the influence of the contraction could be mitigated by 
creating a suitable deformed wake which by the time it reaches the test article would have be 
altered into the desired form. The literature indicates the specifics of such an approach would be 
both dependent upon both the contraction ratio and the proximity of the wake generator to wall.  
 50 
 
 
Figure 1-35 – Streching and allignment of vortices in an axisymmetric contraction, figure reproduced from Jang 
et al. (2011). 
1.5  Conclusions, Research Questions and Scope 
1.5.1  Conclusions  
A review of the flow environment encountered by ground vehicles has shown research is 
increasing dominated by replication of upstream wakes and associated turbulence. For racing 
vehicles the turbulence generated by the presence of upstream vehicles is of primary importance. 
Due to the need to generate downforce such wake interaction is almost exclusively negative for the 
downstream vehicle.  
In reviewing the literature on open-wheel racing car aerodynamics it was found that several 
studies have been performed that quantified the wake flow. The first investigation performed by 
Bonis & Quagliotti (1986) did so over a stationary ground plane both at model and full scale, and the 
basic wake structure was indentified to be composed of a centralised area of low speed flow and a 
vortex pair produced by the rear wing. Soso & Wilson (2006) further added to the body of 
knowledge but it was Wilson et al. (2008) that refined the understanding of the wake. The current 
understanding is that the typical open-wheel racing car wake is characterised by a strong streamwise 
counter-rotating vortex pair superimposed over an area of low-velocity but highly turbulent flow. 
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The vortices create significant upwash at the centreline and work to redistribute the loss core into a 
mushroom shaped pattern which appeared to diffuse quickly with downstream position while the 
influence of vortices remained more persistent. Although the most thorough research to date, these 
findings were limited to car spacings of less than ½ car length behind the rearmost point of the 
vehicle, as opposed to most racing scenarios where spacings of one car length and greater are 
typical. Furthermore the cause of the flow structures within the wake, while speculated, have not 
been completed investigated. Here a deeper understanding would better elucidate the minimum 
modelling requirements for generating such wake flows. An investigation that determines the 
influence of wheel rotation and rear wing lift at distances up to 1 car length would be a valuable 
contribution to the literature.  
A consistent point that was raised in the literature is the small streamwise distance afforded by 
most wind-tunnel working sections. This is particularly challenging for drafting and traffic studies as 
either the inter-vehicle spacings or model scale must be sacrificed to create realistic vehicle 
patterns. One solution that has promise is to generate the required wake field in the settling 
chamber of the wind tunnel thus freeing the entire working section for the test article as 
demonstrated schematically in Figure 1-36. Such an approach was presented in fundamental fluid 
mechanics studies when creating generalised homogenous turbulence, but not so for a specific wake 
passing through a contraction. The literature indicates the latter is possible although the efficacy of 
such a design is unknown and the highest possibility of success would appear to be for wind-tunnels 
where the contraction ratio is relatively small, i.e. automotive wind tunnels. This is not only a novel 
concept but regardless of the outcome such experiments would provide valuable information 
detailing the influence of a contraction on aspects of vortical and turbulent wake flows.  
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Figure 1-36 – Schematic of wake generation upstream of a contraction using a scaled wake generator in the 
settling chamber. 
1.5.2  Research Questions 
Based on the results of the literature review the following research questions are posed: 
 What are the salient features of the wake flow behind an open-wheel racing car at 
spacings between ½ and 1 car length(s)? 
 What is the minimum complexity required in a wake generator to create such flows and 
how does the rear wing, wheels and ground movement, or lack thereof, influence the 
salient features? 
 What is the influence of a typical automotive wind-tunnel contraction on the salient 
features of such a vehicle wake?  
1.5.3  Scope  
It was proposed that research be conducted over a stationary ground, with only basic boundary 
layer control mechanisms implemented; such an approach is not unfounded for racing cars, and 
although the boundary conditions do not replicate the real world perfectly the findings of studies 
using fixed grounds have been shown to exhibit the same data trends as track testing (Katz, 2002, 
Soso et al., 2006, Wilson et al., 2008). As wake maps exist within the literature for moving ground 
facilities the efficacy of a stationary ground for wake mapping will be directly assessed.  
As there is little in the way of commercially available open-wheel racing car wind tunnel models, 
a bespoke solution was be implemented. Broadly speaking there are two distinct aerodynamic 
design methodologies for open-wheel racing cars; the European approach represented by Formula 1 
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and the North American represented currently by IndyCar. Formula 1 has a large number of ‘feeder’ 
series featuring cars with almost identical aerodynamic design regulations. Thus to achieve the 
widest influence a reference car designed to the Formula 1 regulations was the logical choice. 
Special attention was paid to ensure all important aerodynamic surfaces were included, however 
some simplifications were necessary. These simplifications included detailed influences such as 
through-hub flows and deformable tires that were not considered necessary. The primary interest 
instead lay within creating a model that was not overtly specific to Formula 1, nor an explicit year of 
production.  
To capture the flow field a discrete approach was considered which coupled a dynamic response 
pressure probe and a multi-axis traversing system. This is a common methodology within the 
literature, however it does limit any contours to mean quantities unless a phase-averaging 
correction is applied, although time-varying analysis could be performed on specific data points. The 
phase-averaging method of reconstructing non-continuous discrete measurements into a time-
varying contour via a source pressure signal does exist, however such methods yield poor results in 
highly three-dimensional flows as is the case with vehicle wakes (Sims-Williams & Dominy, 1999).  
The influence a wind tunnel contraction has upon wake turbulence is undoubtedly a function of 
contraction ratio, however only a single contraction ratio was tested in this research. As this work 
was laid out to assess the concept of wake generation in the settling chamber and not perform a 
parametric analysis on the contractions influence, this approach was considered reasonable. A wind-
tunnel with a contraction ratio typical of automotive facilities was chosen and a test case of a two-
dimensional cylinder wake was initially considered. A simplified test case was chosen to allow the 
contractions influence to be decomposed more easily before a realistic assessment of the concept 
was performed using the wake of an open-wheel racing car. 
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Chapter 2   
Experimental Setup and Instrumentation  
This chapter details the experimental methodology and equipment used to acquire the results 
presented in the subsequent chapters. Firstly a brief description of the wind tunnels used is 
presented followed by details of the wake generators, including design and construction methods 
and finally the data gathering equipment is covered.  
2.1  Wind Tunnels 
To explore the wake of an open-wheel racing vehicle and how such flow fields are affected by 
the contraction of a typical automotive wind tunnel, two wind tunnels were used. RMIT’s Industrial 
Wind Tunnel was used for the former due to its large working section, while RMIT’s Aerospace Wind 
Tunnel was used for the latter because of the suitable contraction ratio.  
2.1.1  Coordinate System 
For both wind tunnels, the Cartesian coordinate system used throughout defines the positive X 
direction as being downstream along the test section with the datum being the start of the test 
section while right hand convention defines the Y (horizontal) and Z (vertical) coordinates. 
2.1.2  RMIT Industrial Wind-Tunnel (IWT) 
The IWT is a closed-return tunnel with a test section 3m wide, 2m high, 9m long and of 
rectangular cross-section. The fan unit features a 6-bladed impeller with a boss ratio of 60%, drive is 
supplied by a 225kW thyristor-controlled 3-phase motor with rpm maintained through a closed-loop 
controller. Turning vanes on the second and third corners feature an aerofoil cross-section and are 
anechoically treated to reduce noise generated by the fan, while those on the first and forth corners 
are simple rolled steel with a semi-circular cross-section (Figure 2-1). The contraction is constructed 
of equal radii arcs and features a contraction ratio (ζ) of 2.  
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Figure 2-1 – Schematic of the Industrial Wind Tunnel (IWT). 
 
Figure 2-2 – Location of local velocity calibration for the open-wheel racing car testing, dimensions in mm. 
Reference velocity measurements were recorded via a Pitot-static tube mounted near the inlet 
of the test section. The total and static pressure lines were connected to an MKS type 398 
differential pressure transducer which allows dynamic pressure to be recorded. The local velocity at 
the Formula 1 model was calibrated to this reference velocity; this was achieved by way of a 
calibrated Cobra probe placed off the centreline at the vehicle mid-point as per Figure 2-2. This 
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calibration was performed periodically over each experiment and it was found that the ratio 
between the velocity readings remained constant to within the required measurement precision. To 
convert reference pressure to velocity, air density was calculated via the ideal gas law using local 
pressure and temperature measurements. Over the course of each experiment, atmospheric 
pressure was recorded from a digital barometer located in the wind tunnel control room and 
temperature was obtained from a K-type thermocouple mounted in the test section roof.  
2.1.2.1  Flow characteristics of the Test Section 
The requirement to attain high fidelity wake data necessitated flow quality of the IWT to be 
devoid of any extraneous characteristics. The test section flow of the IWT has been recorded by a 
number of previous researchers and in two cases expressly for the same reason (Vino, 2005 and 
Pagliarella, 2009). As a component of research into the aft body flow generated by the Ahmed 
model, Pagliarella (2009) carried out a thorough, and to date best, documentation of the flow 
conditions in the IWT test section. However the accurate quantification of flow angularity was 
particularly difficult for reasons which were also apparent in this research:  
 The traversing mechanism was not permanently installed in the test section which 
allowed some yaw error during installation. The traverse system used by Pagliarella was 
a cantilever design, which as noted by the author, deflected under aerodynamic loading 
adding to the yaw error. It should be noted that the traverse mechanisms used is this 
research were H-beam designs and did not suffer this inaccuracy.  
 The flow measurement probe, the Cobra probe (see Section 2.4.1 ), has a circular cross-
section with no on-body or reference edges for alignment. 
 No reference data existed defining flow angularity in the IWT test section to allow 
calibration.  
Both the transverse and longitudinal flow characteristics were recorded by Pagliarella, however 
only flow maps for the former were produced. The approach for flow mapping involved first 
acquiring a plane of data, taking a calibration reference measurement at a point located in-plane 
(the geometric centre of the test section) and finally applying Eulearian transformations to the 
velocity components based on this reference. A similar approach was used in this research and 
results in a flow map that was rotated against an assumed zero-angularity condition. Using this 
approach Pagliarella (2009) took a transverse flow map at X = 2283mm which approximately aligns 
with the location of the Formula 1 model’s nose cone (see Section 2.2.1 ). Here a definite yaw angle 
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variation is seen along the centreline of the test section with the flow angle tending towards the 
outside wall (Figure 2-3), while yaw along the vertical centreline approximates to zero in line with 
the location of the calibration point. Pitch angle is primarily negative with an asymmetric distribution 
not in-line with the yaw data. As sighted by previous authors (Watkins, 1990, Quirillo, 1999 and 
Pagliarella, 2009) the primary causes of this flow misalignment includes separation off the fan 
nacelle and inner wall of the fan diffuser section and the slight misalignment of the inner turning 
vanes of turn four; the reader should appreciate the facility was moved from its original location in 
1996 and during reconstruction some misalignment of the sections occurred.  
Longitudinal flow variations used point-wise measurements taken at the geometric centre of 
the test section. Measurements were taken between 2283mm ≤ X ≤ 4632mm at 783mm increments. 
Within the test range, point-to-point variation of flow angularity was reported to be within the 
accuracy of the probes (±1° Mousley, 2006).  
 
Figure 2-3 – Flow angle maps for empty test section (Pagliarella, 2009). 
This asymmetry is confined to an angular misalignment as shown through the contour of mean 
velocity which shows a very uniform distribution notwithstanding the boundary layer (Figure 2-4). It 
should also be noted that the angular accuracy of the Cobra probe is ±1° (Mousley, 2006) and thus 
the magnitude of shear shown in Figure 2-3 is not entirely representative of the flow quality in the 
IWT however a definite flow angularity misalignment of up to 2° in the model test location does 
exist.  
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Figure 2-4 – Mean Velocity distribution (Pagliarella, 2009). 
Statistical characteristics were also measured, of particular relevance was the turbulence 
intensities; Figure 2-5 shows the component and overall turbulence intensity contours. A variation of 
1-9% is present within the streamwise component which correlates with the boundary layer seen in 
the velocity data, however outside of these wall effects, the distribution of turbulence is quite 
uniform for all maps. A mean value of approximately 1.8% was reported outside the boundary layers 
influence for all maps and this value varied by no more than 0.2% with longitudinal movement (over 
the portion of the test section mapped).  
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Figure 2-5 – Turbulence component maps (Pagliarella, 2009). 
2.1.2.2  Effect on Model Wakes; Prior Work  
Although undesirable, the presence of the boundary layer in the IWT test section could be easily 
minimised through the use of an elevated ground. Although this would induce its own boundary 
layer, careful design would minimise any shear layer and would likely improve the distribution 
shown in Figure 2-4. The primary influence of the flow quality within the test section would be 
therefore due to the mean yaw angularity. This angularity would likely affect the wake of an open-
wheel racing car creating a distribution that would be asymmetric about the centreline. Such a result 
was demonstrated by Pagliarella (2009) for the wake of an Ahmed model as seen through Figure 2-6. 
It was reasoned this asymmetry was due to a resultant pressure difference over the rear of the 
model which generated a vortex pair of unequal strength and subsequently a net flow towards the 
stronger vortex (the core closet to inner wall of the test section, -Y). This trend in asymmetry was 
also observed by Vino (2005) for an Ahmed model wake in the same facility. However the traverse 
mechanism used for flow mapping by both Vino (2005) and Pagliarella (2009) was of a cantilever 
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design which deflected under aerodynamic loading. As noted by Pagliarella this shortcoming 
influenced the wake data with the degree of asymmetry shown in Figure 2-6 partially attributed to 
the deflection of the traverse.  
 
Figure 2-6 - Normalised axial velocity (U) for Ahmed model with 25° backlight angle at a spacing of X/ℓ = 1 
(Pagliarella, 2009). 
Although the wake field exhibited an asymmetry both Pagliarella (2009) and Vino (2005) 
demonstrated that the salient features were duly reproduced. Pagliarella (2009) corroborated flow 
visualisation, force and surface pressure results with the well established data of several 
independent researchers including Ahmed et al. (1984), Lienhart et al. (2000) and Brunn & Nitsche 
(2001) (See Figure 2-7). Flow maps were corroborated with wake results from other wind tunnel 
facilities with what was assumed to be minimal yaw misalignment, namely those of Lienhart et al., 
(2000, 2002). In all cases results from the IWT showed good agreement with published material 
when accounting for any differences in the respective flow conditions. It is reasonable to expect a 
similar result for the wake generated by an open-wheel racing vehicle and furthermore the strength 
of vortex pair generated by a multi-element wing may, in actuality, prove less sensitive to the flow 
characteristics of the IWT. Thus the flow quality of the IWT was deemed suitable for this research 
providing a form of boundary layer control was implemented.  
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Figure 2-7 – Drag coefficient values as measured by Pagliarella (2009) versus those of Ahmed et al. (1984) 
(Pagliarella, 2009). 
2.1.3  RMIT Aerospace Wind-Tunnel (AWT) 
 The RMIT Aerospace Wind Tunnel (AWT) is a closed return design with a 6 bladed impeller 
powered by a 380kW DC motor using a closed-loop controller. The cross-section of the wind tunnel 
is hexagonal with aerofoil cross-section turning vanes on all corners. Extra flow conditioning is 
provided immediately after turn four by way of a square grid with fine mesh secured to both the 
leeward and windward faces. The settling chamber, contraction and test section dimensions are as 
per Figure 2-8. The contraction ratio (ζ) is 3.7 and the maximum working speed is 45m/s. Reference 
velocity measurements were recorded via a Pitot-static tube mounted near the inlet of the test 
section. As with the IWT, total and static pressure lines are connected to an MKS type 398 
differential pressure transducer which allowed dynamic pressure to be recorded. Similarly, air 
density was calculated via the ideal gas law using local pressure and temperature measurements 
which in turn were used to convert the pitot-static readings to velocity. Over the course of each 
experiment, atmospheric pressure was recorded from a digital barometer located in the wind tunnel 
control room and temperature was obtained from a K-type thermocouple mounted in the side of the 
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test section. Calibration procedure varied given the experiment being conducted with the relevant 
details presented in Chapter 4.  
 
Figure 2-8 – AWT Settling chamber, contraction and test section schematic, all dimensions in mm.  
To directly test the concept of wake generation upstream of a contraction, results from both the 
AWT and IWT were directly compared and thus the flow conditions of each tunnel also needed to be 
reasonably similar. The basic concept for the proposed form of wake generation was presented in 
the previous chapter (shown schematically in Figure 1-36) and involves experimentation occupying 
the settling chamber, contraction and test section simultaneously. As such, flow characteristics of 
the test section and settling chamber were investigated. Flow behaviour through the contraction 
was also recorded and these results are covered in Chapter 4 (Section 4.1 ) as they are of direct 
relevance to the experiments covered therein.  
2.1.3.1  Flow Characteristics of the Test Section 
The influence of the contraction upon a wake was expected to be significant, potentially 
reducing wake turbulence to magnitudes similar to the background disturbances. Characterisation of 
the baseline flow was thus necessary to allow background disturbances to be documented and 
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perhaps removed from those due to the wake. A map of the test section was performed with no 
equipment (other than the traversing setup) in either the settling chamber or test section. The flow 
was recorded across a transverse plane located approximately one hydraulic radius downstream of 
the test section start and, as shown through Figure 2-9, in the same position used when measuring 
the vehicle wake. The vertical and horizontal dimensions were chosen to encompass the area where 
the vehicle wake was most likely to appear and the measurement grid was uniformly spaced with 
step size of 50mm, except within the boundary layer where a finer Z step was required (See 
Appendix D. 4). To lessen the impact of the boundary layer within the test section, a new thin 
smooth floor was used with the leading edge blended into the contraction so no transition step was 
present. Both the test section and settling chamber flow interrogation was performed at test section 
velocity of 40 m/s.  
As was the case with the IWT flow maps taken by Pagliarella (2009), geometric alignment of the 
Cobra probe to the traverse was not practical and thus alignment was visually confirmed. To account 
for misalignment with this process, a calibration point was taken where the flow was assumed to be 
perfectly aligned to test section. This calibration point was then used to transform the velocity 
components of all other measurement points resulting in flow maps that are rotated against an 
assumed zero-angularity condition. The calibration point chosen was on the centreline of the tunnel 
and at the maximum vertical limit of the traverse (Z = 505mm) which was slightly below the centre 
of the test section (Z = 535mm). The need for this process and its details are discussed in Section 
2.4.4 . 
 
 
Figure 2-9 – Longitudinal position of the clean tunnel measurement plane (X = 700mm) which coincided with 
the wake measurement plane discussed in Chapter 4, all dimensions in mm.  
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Figure 2-10 and Figure 2-11 show the normalised velocity and turbulence intensities at the 
mapping location. There is a turbulent boundary layer across the floor of the test section as 
evidenced in both plots with an average displacement thickness of 4mm. Given the turbulence 
extends above the height of the boundary layer and that the primary constituent of this turbulence 
is the streamwise component (Iuu as shown through Figure 2-11), this may indicate the source as 
wall-generated turbulence originating within the contraction; such behaviour was investigated by 
Jang et al. (2011) with their findings matching the general trends reported here. Outside of the 
boundary layer region, velocity is homogeneous while overall turbulence (Iuvw) shows pockets of 
slightly higher intensity on both sides of the test section. These features are primarily within the Ivv 
and Iww components while streamwise turbulence is relatively homogenous outside of the boundary 
layer. Although the distribution of Ivv and Iww are not homogenous across the test section, isoptropy 
between the components is quite good. This can be seen in Figure 2-12 where isotropy was defined 
as the ratio of the root-mean-square of the fluctuating velocity components (Comte-Bellot & Corrsin, 
1966). In contrast comparing either of the traverse components to the streamwise component 
demonstrated a behaviour that is noticeably anisotropic. Flow angularity in the test section was 
reasonably aligned as seen in Figure 2-13 although an area of yawed flow is present that correlates 
with the overall turbulence intensity contour. For the purpose of wake studies, the test section flow 
quality was deemed acceptable given the flows under consideration exhibited properties that would 
dominate any background disturbances.  
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Figure 2-10 – Normalised velocity in clean tunnel, longitudinal plane as per Figure 2-9. 
 
Figure 2-11 - Turbulence intensity contours in clean tunnel. 
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Figure 2-12 – Isoptropy contour of transverse turbulence components in clean tunnel. 
 
Figure 2-13 – Pitch and Yaw contours in clean tunnel. 
2.1.3.2  Flow Characteristics of the Settling Chamber 
Although flow quality is an important factor in all areas of a wind tunnel, most effort is usually 
expended improving the flow quality within the test section. Areas outside of this usually feature 
lower flow quality characteristics especially those upstream of the contraction, such as the settling 
chamber. Given experimentation would be carried out in this area, it was important to characterise 
the flow to ensure conditions were similar to those of the IWT test section, thereby allowing valid 
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comparison between AWT and IWT data sets. Flow measurements were taken in the area to be 
occupied by the vehicle model as per Figure 2-9. Boundary layer measurements were taken with a 
total head rake and a multi-tube manometer at three streamwise positions along the centreline. Off-
centreline measurements, corresponding to maximum model width, were recorded at station 2 and 
showed almost identical results to those at the centreline; transverse changes in the boundary layer 
were negligible and thus not reported here for brevity. These data were supplemented by Cobra 
probe measurements at the same positions but at four different heights above the surface. A 
schematic of the measurement positions can be seen in Figure 2-14. 
 
Figure 2-14 – Cobra probe measurement positions shown with black circles and location of boundary layer 
rake measurements (stations) all dimensions in mm. 
As can be seen through the normalised velocity profiles (Figure 2-15), boundary layer thickness 
is reduced when approaching the contraction; this was confirmed by the  Cobra probe readings 
which show a flow speed increase with decreasing distance from the contraction (Figure 2-16). This 
result is most probably due to the contraction generating a feed-forward pressure that influences 
the flow within the settling chamber. The jagged behaviour of the velocity curves in Figure 2-15 was 
due to the measurement fidelity of the multi-tube manometer and not a flow characteristic. The 
influence of the contraction is also strongest closest to the wall; velocity measurements approach 
similar values as the contraction is approached which requires a larger velocity increase for the near 
wall measurement points, as evidenced by the relationship of reduced slope with increase height (Z) 
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in Figure 2-16. The velocity measurements at Z = 300mm do not follow this trend towards equality, 
further indicating that the feed-forward effects are most strongly seen in near-wall regions.  
 
Figure 2-15 – Boundary layer profiles for the AWT settling chamber. 
 
Figure 2-16 – Mean velocity profile within the settling chamber, direction of flow indicated. 
Turbulence data was also recorded and this showed a similar, albeit inverse behaviour to that of 
velocity (Figure 2-17). On the whole turbulence intensity was reduced in magnitude when 
approaching the contraction and once again the measurements closest to the wall saw the greatest 
Velocity
norm
W
al
l 
D
is
ta
n
ce
(m
m
)
 
 
0 0.2 0.4 0.6 0.8 1
0
20
40
60
80
100
120
140
Station 1
Station 2
Station 3
Distance from Settling Chamber Inlet(mm)
V
el
o
ci
ty
(m
/
s)
 
 
0 500 1000 1500 2000
0
2
4
6
8
10
12
Z = 50mm
Z = 100mm
Z = 200mm
Z = 300mm
Flow Direction
 69 
 
change. Further wall effects are revealed by examining the isotropy of the turbulence measurements 
by following the approach used by Comte-Bellot & Corrsin (1966). Figure 2-18 shows isotropy is 
improved when approaching the contraction for all measurements except those closest to the wall; 
at a height of 50 mm the reverse is true with the turbulence becoming more anisotropic.  
 
Figure 2-17 – Overall turbulence intensity (Iuvw) within settling chamber, direction of flow indicated. 
 
Figure 2-18 – u and v velocity component isotropy within the settling chamber, direction of flow indicated. 
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Flow quality within the settling chamber of the AWT for the most part is as expected; the 
presence of a boundary layer, moderate levels of turbulence and a vertical velocity shear away from 
the wall. The influence of the contraction is also seen with a definite feed-forward phenomenon that 
appears strongest at the wall. From these results the best location, in regards to flow quality, to 
place a wake generator would be close to the contraction and away from the walls and floor. In this 
case that is not possible given a key goal is to generate a wake field at the bottom of the test section 
where most surface vehicle models are tested, especially in moving ground facilities. Overall the flow 
characteristics of the AWT settling chamber, while slightly more adverse than the IWT test section, 
were deemed suitable for the purpose of evaluating wake generation windward of the contraction.  
2.2  Wake Generators 
In this section the specifics of both the open-wheel racing car and cylinder wake generators is 
discussed.   
2.2.1  Formula 1 Model 
The Formula 1 wake generator consisted of two primary components; the vehicle and the 
elevated ground. The vehicle was designed to be used in either a static or rotating wheel 
configuration while the ground board remained unchanged between configurations.  
2.2.1.1  Vehicle 
The Formula 1 vehicle used in this thesis was a bespoke model designed by the author and 
manufactured almost wholly at RMIT. Although this allowed the greatest level of control over the 
model it was both time and financially costly. The model was designed at full-scale conforming to 
the FIA technical regulations using Catia V5 before being scaled to the required size where 
manufacturing and assembly specifics were added. The size of the model was a trade-off between 
the need to maximise vehicle Reynolds number while minimising blockage. Literature reviewed in 
Chapter 1 provided the starting point with a minimum Reynolds number of 106 based on car length 
decided upon, it was however blockage ratio that controlled the size of the model. A maximum solid 
blockage ratio (SBR) of 5% was enforced as is common practice in automotive testing (Barlow et al, 
1999). The model was to be used in both the IWT test section and the AWT settling chamber, as the 
former is smaller it was used for the blockage calculation. Furthermore as the model would be 
mounted on an elevated ground plane, two definitions of SBR could be enforced; as per the below 
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equation ATS can be either the area of the whole test section of the area of the test section above 
the elevated ground while AM is the projected frontal area of the model. 
     
  
   
     
The more stringent of the two conditions was enforced and thus the ATS was taken as the test 
section area and AM the area of the model, ground plane and model sting. A 30% scaled Formula 1 
vehicle with ground plane yielded a blockage of 4.9% in the IWT which satisfied the SBR condition. At 
this scale the model length was 1500mm (other main dimensions are shown in Figure 2-19) which 
gives a maximum Reynolds number of approximately 3.65x106 and 1.0x106 for the IWT test section 
and the AWT settling chamber respectively. As both the Reynolds number and SBR conditions were 
satisfied the final vehicle scale was set to 30%. Other considerations for the blockage calculation 
were made but not included: 
 Wake Blockage was not calculated as the dimensions of the wake produced by a 
Formula 1 vehicle was unclear from the literature available and furthermore it is 
apparent that wake size depends heavily upon downstream distance.  
 The addition of traverses frontal area was not included. This was deemed acceptable 
because both the position of the traverse was downstream of the model and the Cobra 
probe was mounted via a long beam out the traverses aerodynamic influence.  
 
Figure 2-19 –Three view of 30% Formula 1 model, all dimensions in mm unless marked.  
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The aerodynamic design of the vehicle was of particular importance, the front and rear wing are 
covered in detail here while other components are covered in Appendix C. 2. The front wing consists 
of the mainplane, flap, end plate and cascade elements as per Figure 2-20. The mainplane, which 
attaches to the nose cone, is the primary structural component and features two aerofoil sections; 
the central portion is a symmetrical non-lifting section the dimensions of which are specified by the 
technical regulations (FIA, 2011) while the outboard section is bespoke and the only aerofoil on the 
vehicle not from an established family; this design was a carry over from of an optimisation study of 
ground-effect aerofoils performed by the author previously (Watts et al. 2011). The specifics of this 
design process and the aerofoil geometry are discussed in Appendix C. 2. The NASA LS(1)-0413, also 
termed the GA(W)-2, was chosen as the aerofoil for the flap, given this section has an established 
history of use within racing car aerodynamics (Kuya et al., 2009). The cascade elements are the final 
lifting sections of the front wing and were both NACA 6406 elements. The chord length and angle-of-
attack varied for each element as shown through Figure 2-21. 
 
Figure 2-20 – Front wing with labelling of components. 
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Figure 2-21 – Front wing cross-section showing all lifting element chords and AoA’s, all dimensions in mm 
unless marked.  
The rear wing was less complicated and featured three main lifting elements; the mainplane, 
flap and beam wing. The cross-sectional dimensions of these elements are tightly governed by the 
technical regulations (FIA, 2011) with the primary design control coming through the use of camber. 
All elements again belong to the NACA four series with the flap and beam section both NACA 6406 
aerofoils while the mainplane used a NACA 16406. The chord length and angle-of-attack varied for 
each element as shown through Figure 2-22. The end plates were also designed with slots over the 
mainplane which serve to allow freestream fluid to pass over the wing when the vehicle is yawed, 
such as during slip (i.e. cornering). Given the proximity of these vents to the lifting elements, they 
could affect the vortices produced by the rear wing and thus were included. 
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Figure 2-22 – Rear wing cross-section showing all element chords and AoA’s, all dimensions in mm unless 
marked. 
2.2.1.2  Elevated Ground 
The need for an elevated ground plane arose from both the boundary layer present within the 
IWT and the sensitivity of downforce producing vehicles to floor boundary conditions (Barlow et al, 
1999). Although not the most accurate method to simulate on-road boundary conditions, the use of 
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an elevated ground plane has been shown to reproduce the correct data trends (qualitative 
behaviour) for open-wheel racing vehicles even though the magnitude of the aerodynamic forces is 
underestimated (Katz, 2002, Soso et al., 2006, Wilson et al., 2008). This was deemed a viable 
experimental methodology given the exploratory nature of this research, furthermore as wake maps 
exist within the literature for moving ground facilities this allowed a secondary objective to be 
assessed; namely to determine the efficacy of a stationary ground for wake mapping. 
To minimise the boundary layer growth and the likelihood of separation the elevated ground 
plane was designed with two passive flow control techniques. The first was a super-ellipsoidal nose 
which conformed to an optimal low speed design; the cross-sectional shape was calculated using the 
below equation that was adopted from the research of Narasimha & Prasad (1994). 
                                         
Where s is the length of the nose, 2t is the thickness and x and y the nose coordinates. To 
determine the geometry least prone to separation, Narasimha & Prasad (1994) calculated the 
boundary layer parameters for a range of noses using the laminar method of Thwaites (1949). It was 
determined that an axis ration (x/y) of 6 or higher avoided separation and that at an exponent (n) of 
3.15, the minimum axis ratio for no separation was achieved. Both conditions were enforced which 
yielded the profile shown in Figure 2-23. 
 
Figure 2-23 – Elevated ground leading edge profile. 
The second measure of flow control was a slight nose-down rake added to the ground plane. 
Inclusion of this feature was made after the work of Fisher (2013) who conducted experiments in the 
IWT using a reflection plane. After personal communication with Fisher it was determined that a 2° 
nose-down rake would reduce the likelihood of separation and induce a slightly favourable pressure 
gradient which could minimise boundary layer growth; this value was intrinsic to the IWT and based 
upon observations made by Fisher that the flow over a reflection plane with only a rounded nose 
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would separate at nose-down AoA greater than 3°. The final dimensions of the ground plane, as 
shown through Figure 2-24, were set by a number of conditions: 
 The requirement to map the wake up to 1 car length behind the model and the need to 
have a section of ground windward to the model.  
 Maximum width was desirable, however access was required along the perimeter 
during experimentation for model installation and maintenance, thus a gap between the 
side of the ground plane and test section walls was necessary. 
 The minimum height was set by multiplying the displacement thickness across the test 
section floor by a factor of 3 as recommended by Barlow et al. (1999). This ensured near 
wall effects from both the test section and the elevated ground supports passed 
underneath without impacting the flow generated by the model. 
 
Figure 2-24 – Elevated ground plane dimensions and placement within the test section. 
The location of the ground plane within the test section was made based upon flow quality in 
the test section. Wind tunnels with low contraction ratios, such as the IWT, are subject to greater 
flow irregularities at the leading portion of the test section and therefore a settling distance is 
required to allow the flow to stabilise. This distance is intrinsic to each wind tunnel however a length 
of 0.5 – 1.5 times the contraction nozzle exit radius is recommended (Barlow et al, 1999). The 
ground plane was located 2000mm downstream from the test section start yielding a settling 
distance of 2/3 times the test section width and 1 times the test section height. The locating of the 
ground plane within the test section is shown through Figure 2-24. 
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Boundary layer characteristics of the ground plane were recorded via a total-head rake and 
multi-tube manometer. Testing was carried out at 28m/s which was approximately 65% higher than 
the speed during flow mapping and thus the boundary layer characteristics during wake 
interrogation were more favourable. Nine positions (stations) were recorded with numbering 
nomenclature shown in Figure 2-25. These stations were distributed to encompass the area 
occupied by the model and the flow mapping area; stations 1 – 3 demonstrate the transverse 
boundary layer variation in the vicinity vehicles nose while stations 1 and 4 – 9 show the longitudinal 
boundary layer growth. Further measurements off the centreline were not deemed necessary given 
the good agreement between readings stations 1 – 3. 
 
Figure 2-25 – Boundary layer measurement positions over ground plane with vehicle model in static 
configuration superimposed. 
In Figure 2-26 the normalised velocity distribution for stations 1 – 3 are plotted. The transverse 
boundary layer variation across the ground plane is quite small with the results between the 
centreline (station 1) and inside wall (station 3) almost identical. The outside wall (station 2) shows a 
slightly thinner boundary layer although the results at all stations are minimal compared to that over 
the test section floor. Measurements at station 2 were also made with the vehicle model present in 
order to determine the flow sensitivity. Within the measurement accuracy these results were 
identical and therefore the influence of the vehicle was most likely limited to localised effects; this 
conclusion was supported through flow visualisation using a wool tufts over the leading edge of the 
ground plane (see below). 
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Figure 2-26 – Normalised velocity distributions for Stations 1 – 3.  
Longitudinal boundary layer growth was assessed through 7 measurements along the centreline 
of the ground board starting at the vehicle nose and ending 3675mm downstream of the leading 
edge. No wake measurements were made downstream of station 8 and thus this represents the 
limit of the ground plane as used in this research. Figure 2-27 shows the 95% and displacement 
thicknesses (δ*) along the centreline of the ground board, where δ* is defined: 
       
    
  
   
 
 
   where u0 is the freestream velocity 
Also plotted is δ* using the Blasius solution for laminar flow over a flat plate which is defined as: 
        
    
    
    
   (Anderson, 2007) 
Both the 95% and displacement thicknesses grow at a reasonable and almost linear rate. 
Comparison between the empirical data and the analytical solution of Blasius shows good 
agreement over the first 1000mm of the ground board, however, there is a slight divergence 
downstream of this point. This difference is reasonable given the Blasius solution assumes a two-
dimensional, laminar boundary layer over a plate aligned to the freestream. The agreement between 
the empirical data and analytical solution does highlight that the boundary layer characteristics over 
the leading portion of the ground plane are close to optimal; the boundary layer over first 1000mm 
of the ground plane is most likely laminar with transition to a turbulent boundary layer occurring 
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soon after. Given the flow characteristics of the IWT, this boundary layer distribution was deemed 
the best trade-off between flow quality and conditioning methods. 
 
Figure 2-27 – Boundary layer growth with downstream distance.  
While the nose-down AoA of the ground plane yielded better boundary layer characteristics it 
also influenced the static pressure distribution along the test section. Static pressure coefficient 
variation along the centreline of the IWT test section is plotted in Figure 2-28 where CPs is defined as: 
    
       
 
    
 
 
For a closed section wind tunnel, boundary layer growth and constant cross sectional area lead 
to a static pressure drop as illustrated for the clean tunnel. Proximity to the settling chamber yielded 
a raised static pressure at the inlet while the breather slot at the rear of the test section gave CPs 
values that tended towards   . As expected the inclusion of the ground plane altered this 
distribution and slightly increased the static pressure gradient; the breather slot effectively fixes the 
static pressure at the end of the test section and thus the increased pressure gradient was resolved 
as an increased static pressure at all measurement positions. Within the location occupied by the 
vehicle and wake maps (2350 ≤ X ≤ 5615mm) static pressure remained fairly constant in the clean 
tunnel with ∆CPs = 0.02 which increased to ∆CPs = 0.04 with the addition of the ground plane. 
Buoyancy corrections are usually unimportant for bluff bodies of high drag (Glauert, 1933) but can 
be calculated as:  
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  (Glauert, 1933) 
Where A is the area of the model. Given the pressure gradient in the experimental region was 
small (
    
  
          ) the drag force due to buoyancy was <1.5% of the total drag force at the 
lowest tested Reynolds number and accordingly buoyancy corrections were not made. Given the 
much improved boundary layer characteristics the ground plane exhibited, this increase was 
deemed acceptable.  
 
Figure 2-28 – CPs variation along the test section centreline with and without the ground plane installed.  
As a final qualitative measure an array of wool tufts was attached to leading 300mm of the 
ground plane in a 50mm by 50mm grid as per Figure 2-29. This array was attached for all testing 
except when taking boundary layer measurements and provided a method of easily determining any 
flow separation over the most sensitive area of the ground plane. During all experiments the flow 
was seen to remain attached over the leading edge, although the inclusion of the vehicle model did 
slightly alter the mean angle of the wool tufts immediately in front of the vehicle. This observation 
was expected and merely served to show the ground plane flow immediately (≈100mm) in front of 
the vehicle was affected by the presence of the model itself. 
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Figure 2-29 – Wool tuft array on ground plane during experimental fitment for the rotating wheel 
configuration (picture taken with wind off). 
2.2.1.3  Static Wheel Configuration 
 The vehicle model was designed to be setup in two main configurations with either static or 
rotating wheels. The difference between these configurations was significant enough to merit 
further discussion. The static configuration was tested first and subsequently informed the design 
process for the rotating configuration. In the static configuration the vehicle was attached to a load 
cell through a four-post sting that was located between the ground plane and test section floor as 
seen through Figure 2-30. 
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Figure 2-30 – CAD render of model in static configuration showing sting (ground plane and front wheel cut 
away). 
In this configuration the sting was exposed to the freestream flow and provided additional 
aerodynamic forces to the load cell which had to be removed through a calibration process. The 
process for determining and removing tare loading from the data is covered in Appendix C. 1. Of the 
solutions available this method was the best option for vehicle mounting. In this configuration 
clearance between the wheels and elevated ground was maintained at no more than 2mm, which, 
with a wheel diameter of 198mm was at the limit of the 1% gap suggested by Cogotti (1983). As this 
gap was only required to prevent interference during force experiments and that these experiments 
were primarily to determine Reynolds number sensitivity, this gap was deemed acceptable.  
Decision about the model mounting location on the ground plane was guided by two competing 
requirements; the model should be located as close to the leading edge as possible to minimise the 
influence of the boundary layer yet must be displaced from the leading edge so the aerodynamic 
disturbance it generated did not alter the flow over the leading edge, possibly causing separation. As 
this feed-forward effect was unknown, the static configuration used a conservative approach with 
the model position based upon boundary layer requirements. For fixed ground wind tunnel testing 
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Barlow et al. (1999) recommended that the displacement thickness be no more than 10% of the 
model ground clearance. Rather than taking the physical ground clearance for the Formula 1 model 
a projected ride height was used. Here the minimum ground clearance of the model was calculated 
by extending the lowest plane of the floor forward and aft to the limits of the vehicle as shown in 
Figure 2-31. It should be noted that although the ride height could be altered, this was fixed during 
all experimentation to the design configuration shown in Figure 2-31.  
 
Figure 2-31 – Model ride height convention indicated by red line. 
Enforcing the recommendation of Barlow et al (1999) placed the nose of the vehicle 610mm 
downstream from the leading edge. At this position the 10% projected ride height clears the 
displacement thickness of the ground as shown through Figure 2-32. 
 
Figure 2-32 – Boundary layer thickness over the ground plane with 10% model projected ride height plotted.  
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2.2.1.4  Rotating Wheel Configuration  
A number of designs were considered for the wheel rotation system with the final configuration 
using an in-hub motor supported by an external sting for each wheel and two under floor stings to 
support the model. The system also included a partial friction seal and is shown schematically in 
Figure 2-33. 
 
Figure 2-33 – Schematic of Formula 1 model in rotating wheel configuration.  
The primary requirement of the wheel rotation system was that it generated an aerodynamic 
behaviour analogous to that of a rotating wheel in contact with a rolling road. Cogotti (1983) 
demonstrated that a system using a rotating wheel over a stationary ground can achieve this, 
provided the gap between the wheel and the road remained less than 1% of the wheels diameter. 
Although a small gap could be tolerated it was decided to seal the contact patch.  
The rotating wheels machined from solid Nylon-6 extruded stock using a CNC lathe. The 
combination of a homogenous material and high tolerance machining yielded wheels which were 
statically and dynamically balanced within the rpm range required (<3500 rpm). The wheels were 
relatively heavy and subsequently exhibited low fundamental rotational frequencies; lower than the 
required rotational speeds. During experimentation loading caused by the fundamental and the 
harmonic frequencies were avoided by driving the system through these bandwidths as quickly as 
possible. 
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The in-hub motors were brushless outrunner configurations designed for use in model remote 
control aircraft and had maximum power output of 2kW and an rpm ceiling of 12500rpm. To 
maintain wheel rpm each motor was powered through an electronic speed controller (ESC) which in 
turn drew power from a main bus connected to 2.4kW power supply. It was found during testing 
that such ESC’s require a constant motor loading to maintain an accurate rpm. A secondary benefit 
of the friction sealing system was that it applied a constant torque against the motor which allowed 
the system to maintain an rpm accuracy of 1% at testing conditions (±8rpm at 1700rpm). The seal 
was fabricated from spring steel spaning the width of the tyre and three sections of suede leather 
measuring 10mm by 2mm square (Figure 2-34). A full length seal was also tested however the 
friction generated in this configuration was too great and caused the motor to generate enough heat 
that provisions for cooling would have been required. As any gap between the tyre and the ground 
was less than 1% of the wheels diameter (As recommended by Cogotti, 1983), a partial friction seal 
was deemed an adequate simulation technique. To minimise seal wear, light machine oil was applied 
liberally to the leather and maintained during experimentation. After experimentation was complete 
the areas of contact between the wheel and the seal were inspected for wear with no measureable 
change to the wheels diameter found; visual inspection showed a light burnishing to the surface that 
was not measurable with a vernier calliper. 
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Figure 2-34 – CAD render of isolated rear wheel showing friction seal (wheel cut-away).  
The forces generated by the rotating wheels and the high precision with which they were to be 
supported above the ground necessitated a different sting design than that used for the static 
configuration. In the rotating configuration the vehicle and wheels were separate components, each 
wheel was supported by an outboard cantilever fabricated from an aerofoil cross-section. Two-point 
support was provided via a vertical strut that was fitted with an aluminium aerofoil sleeve; the strut 
was threaded which allowed fine control of the clearance between the ground and the wheel. Finally 
a set of guy-wires were used to the compress the cantilever and strut into the ground plane creating 
a rigid structure (Figure 2-35). Power wires between the motor and the ESC (located under the 
ground plane) were routed through the cantilever to create a structure as unobtrusive as possible. 
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Figure 2-35 – Rotating wheel sting schematic.  
A determining factor in supporting the wheels with independent stings was to ensure the 
vehicle was not subject to loads generated by the rotating wheels. As such a clearance of 5mm was 
maintained between the vehicle uprights and the inner face of the wheels, however this required 
the vehicle to be independently supported. This was achieved by two stings located on the car 
centreline; these supports were made from the same stock as the wheel cantilevers and featured an 
aerofoil cross-section (Figure 2-36). This decision, while uncharacteristic for downforce producing 
vehicles, was guided by the wake maps recorded for the static configuration and was found not to 
impact the rotating configuration wake. 
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Figure 2-36 –Vehicle sting schematic showing location and size of vehicle supports (in red), wheels removed for 
clarity. 
The position of the vehicle on the ground plane was also altered as results from the static 
configuration showed the aerodynamic disturbances generated around the vehicle were minimal 
and any influence to the ground plane flow were also minimal. The vehicle was positioned closer to 
the leading edge further reducing the impact of the boundary layer on the wake results.  
 
Figure 2-37 – Boundary layer thickness over the ground plane with 10% model projected ride height plotted. 
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2.2.2  Cylinders 
To asses the influence of the contraction, a test case of a nominally two-dimensional cylinder 
wake was chosen. The cylinder was of a multi-part construction to allow each section to be turned 
on a lathe thereby ensuring concentricity, surface finish and diameter. Constructed in 6 sections with 
the longest piece located in the middle, all joints sealed with 0.001” (0.03mm) thick adhesive tape 
for a uniform finish. The cylinder was used in a vertical orientation and spanning the height of the 
respective wind tunnel section. As shown in Table 2-1 the required height of the cylinder varied 
between the IWT and AWT, this change was achieved through interchangeable end sections which 
altered the aspect ratio slightly. Baring this small difference the cylinder configurations were 
identical and yielded the same wake structure as detailed in Appendix A. 2. 
Cylinder Diameter, d 
(mm) 
Length (mm) Relative 
roughness (k/d) 
Aspect 
ratio 
Blockage 
ratio (d/b) 
Control (IWT)  126 2000 475 x 10-5 15.9 1/24 
Contraction 
(AWT) 
126 2120 475 x 10-5 16.9 1/22 
Table 2-1 – Geometric parameters of the cylinders. 
2.3  Force Measurements 
Force measurements were made for the Formula 1 vehicle in the static configuration using a 6 
DoF load cell manufactured by JR3 Inc. The load cell was mounted underneath the IWT test section 
with the reference side attached to a steel plate and the active side attached to the vehicle sting 
described in Section 2.2.1.3 . Yaw angle alignment was made geometrically with negligible sideforce 
recorded. Specifications of the balance are shown in Table 2-2.  
Sensor Model 160M50A3 
Mechanical Load Rating (N) 400 
Diameter (mm) 160 
Thickness (mm) 50 
Nominal Accuracy, all axes (% of range) ±0.25 
Fx Fy  
Standard Measurement Range (N) ±400 
Standard Resolution (N) 0.050 
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Fz  
Standard Measurement Range (N) ±800 
Standard Resolution (N) 0.10 
Table 2-2 – JR3 force balance technical specifications 
Only static vehicle forces were recorded with all samples taken over a 60 second period at a rate 
20Hz. Static calibration of the balance was performed before experimentation and the required 
offset applied during post-processing, a detailed account of this calibration process is presented in 
Appendix B. 2. 
2.4  Flow Field Measurements 
Flow field measurements were made using a single multi-hole pressure probe attached to one 
of two remotely controlled traversing systems; The IWT and AWT used different traverse systems. 
This method yielded a series of non-simultaneous point measurements over a transverse plane from 
which the mean wake properties were computed and contoured. Spectral analysis was performed at 
specific data points as and where needed. 
2.4.1  Cobra Probes 
Flow interrogation used a four-hole pressure probe, known as a “Cobra” probe, capable of 
resolving the three orthogonal velocity components and local static pressure. This time-varying data 
also allows higher order statistical terms to be calculated such as turbulence properties. The probe is 
a commercial product supplied by Turbulent Flow Instrumentation (TFI) and provides a robust 
alternative to hot-wire anemometry at the cost of a slight reduction in spatial and frequency 
resolution. 
 
Figure 2-38 – Cobra probe. 
The probe used here featured a 2.6 mm head diameter with a faceted face as seen in Figure 
2-39. The discrete edges of the head reduce Reynolds sensitivity by effectively fixing the separation 
lines. Steel tubing of 0.5 mm ID is used to connect the head and the pressure transducers which are 
located in the body of the probe; this allows for the small head size but introduces a distortion due 
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to the tubing. This distortion is corrected by the TFI software using an inverse transfer function that 
is experimentally determined for each probe (Mousley 2006). Each probe is factory calibrated with 
reliable performance for flow angles up to 45° from the central axis yielding an effective cone of 
acceptance of ±45°. Samples that lie outside this cone of acceptance are recorded as zero entries, 
this process known as zero-padding preserves spectral content (The Mathworks Inc, 2008) but 
requires conditioning before the calculation of mean flow properties. Comparisons with hot-wire 
measurements have verified the Dynamic response up to 1.5 KHz for turbulent pipe flows (Hooper & 
Musgrove, 1997). 
 
Figure 2-39 – Cobra probe head detail showing the cone of acceptance. 
2.4.2  Traverses 
Both traverses were of a H-beam configuration using numerical control drives.  
2.4.2.1  IWT Traverse 
The IWT Traverse is a three-axis H-beam configuration with movement on the Z, Y axis with 
rotation about the X axis. Linear movement is supplied by belt driven motors with twin units for the 
Z axis and a singular unit on the Y axis, longitudinal positioning of the machine was manually 
performed. A direct drive unit supplies X axis rotation through a 90° gearbox, although these 
components were removed for this research resulting in a two-axis configuration. The hardware and 
software utilised is widely applied in numerical control (NC) manufacturing machines and therefore 
exhibits a high positional tolerance; accuracy of ±0.5mm and repeatability of ±0.25mm was 
observed. Approximately 50% of the test section area could be mapped with all points of the 
Formula 1 wake reachable by the machine (Figure 2-40). As aerodynamics fairings were not added, 
the Cobra probe was mounted forward and below the horizontal carriage by way of a cantilever arm. 
This structure was stiff and aerodynamically unobtrusive with calibration readings taken with and 
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without the traverse giving essentially identical mean and time-varying results within the accuracy of 
the Cobra probe. 
 
Figure 2-40 – IWT traverse dimensions and carriage movement limits, all dimensions in mm. 
 
Figure 2-41 – IWT traverse sting. 
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2.4.2.2  AWT Traverse 
The AWT traverse was designed and manufactured specifically for this research with a H-beam 
configuration chosen to limit aerodynamically induced flex. Drive for each axis (Z and Y) is supplied 
via a DC stepper motor, ball screw and ball nut which resulted in only one driven vertical carriage. 
The frictional drag created by the unpowered carriage yielded a slight reduction in positional 
accuracy when compared to the IWT traverse; accuracy of ±1mm and repeatability of ±0.5mm was 
observed. Despite the hexagonal cross-section of the AWT test section, the area accessible by the 
traverse was 53% with all the areas of interest lying within the traverses limits. Mounting of the 
Cobra probe used a similar albeit smaller bracket to that used for the IWT traverse, once again 
calibration readings taken with and without the traverse showed essentially identical mean and 
time-varying results within the measurement accuracy of the Cobra probe. 
 
Figure 2-42 – AWT traverse schematic, all dimensions shown in mm. 
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2.4.3  Flow Mapping Procedure 
The use of pressure-based probes and the large number of measurement points per map (up to 
487) required a strict procedure to be followed to ensure data continuity and accuracy. As a 
transverse wake plane required up to eight hours of continual testing the tunnel flow temperature 
also increased during experimentation; continual updates to the temperature, pressure and where 
used, wheel rpm, were required to keep a constant Reynolds number. The length of the experiment 
would also have impacted the accuracy of the data due to drift experienced by the Cobra probes; 
this was managed by zeroing the probes every fifteen minutes and connecting the probes well in 
advance of an experiment to ensue thermal induced drift was minimised. With these measures 
Cobra probe drift was limited to 1% of the mean values. Data was sampled at a rate of 2.5kHz and a 
block size of 214 for a period of 13 seconds. A flow chart of the mapping procedure is shown below.   
 
Figure 2-43 – Procedural flow chart for flow mapping. 
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2.4.4  Post Processing  
Data processing was carried out via a batch script approach using MATLAB (The Mathworks Inc, 
2008), the procedure and relevant steps are discussed in sub-sections below. 
2.4.4.1  Calculation of Flow Parameters 
Flow parameters for each data point were calculated via a batch script, the steps of which are 
shown schematically in Figure 2-44. As the Cobra probe has no reference edges or marks it could not 
be geometrically aligned, this was corrected by applying Eulearian transformations to the velocity 
components using the calibration data as the reference; this resulted in a flow map that was rotated 
against an assumed zero-angularity condition. When in very close proximity to the model the flow 
angles can exceed the calibrated angle range. These ‘bad’ data samples were then truncated from 
the data using a search protocol; any data sample that lay outside the ±45° cone of acceptance is 
recorded by the TFI software as a zero entry, which if not removed would bias all flow calculations. 
The amount of ‘bad’ samples that could be tolerated was determined through sensitivity studies; a 
value of 90% ‘good’ data yielded mean and spectral results identical to full samples within the 
measurement accuracy, this limit was thus enforced throughout this thesis. The final data processing 
step was to calculate velocity, flow angle and turbulence parameters which were written to a 
summary file. 
 
Figure 2-44 – Data processing flow chart. 
 96 
 
Any calibration or reference velocity readings using a pitot-static tube did so using Bernoulli’s 
principle. Velocity corrections and mean velocity data for the Cobra probe readings were calculated 
as: 
          
      
  
         
         
          
            
 
 
Overall turbulence and component values in the three orthogonal directions were calculated 
according to the following definitions: 
    
  
 
        
        
  
 
        
       
  
 
        
 
     
  
 
   
    
      
        
 
Stream wise vorticity was calculated as the curl of the vector field (  ) which was composed of 
the V and W (transverse) velocity components: 
          
2.4.4.2  Contour Plotting 
Contour plotting was performed using the MATLAB ‘contourf’ command which generates a two-
dimensional figure based upon three matrices; one for the property of interest and one each for 
vertical and horizontal coordinates. A requirement imposed by ‘contourf’ is that the coordinates be 
equally spaced, this was not the case with the experimental data given it was more efficient to 
distribute data points within the wake map based upon flow parameter gradients. Therefore raw 
experimental data was interpolated to a higher fidelity, uniformly spaced grid using Delaunay cubic 
triangulation (The Mathworks Inc, 2008). The use of this surrogate model introduced a degree of 
estimation to the data sets, although the use of cubic interpolation kept this error below 1% of the 
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mean values. The colour scheme for all contour plots was of the black-body type and similar in 
appearance to that used in Forward Looking Infar Red (FLIR) systems. Visualisation with this scheme 
ensures colour, contrast and luminescent changes within the contour plot accurately represent 
changes in the input data and not pseudo effects common to other schemes (Borland & Taylor, 
2007). 
 
Figure 2-45 – Contour plotting flow chart. 
2.4.4.3  Calculation of Vortex Core Locations 
Vortex core locations were calculated using a search of the cross-flow vector field with the 
condition of minimum vector magnitude; this search was restricted to the general area of the vortex 
cores as identified by inspection of the contour. Although higher order methods do exist to locate 
the cores (Roth & Peikert, 1998, Leweke et al., 2016 etc.) these were deemed unnecessary given 
more advanced methods would not overcome the ultimate limitation in this data set; measurement 
fidelity. Interpolation of the cross-flow field to a higher fidelity grid was not considered practical 
given the uncertainties of this calculation outweighed any increase in fidelity; plots of vortex core 
location used data points that were sized to represent the uncertainty of the chosen method and 
thus the accuracy of higher order methods would have an unnoticeable effect on the final data. 
Location error associated with this simplified approach was ± 0.5 times the grid density, which was 
reduced by increasing the number of measurement points within the region of the vortex cores.  
This was also a primary reason for implementation of a non-uniformed spaced grid. 
2.5  Longitudinal Cylinder Wake Measurements 
The cylinder experiments required the wake to be interrogated along the centreline of each 
wind tunnel with only a singular data point required for each downstream position. Flow 
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measurements were therefore made using a Cobra probe mounted to a vertical strut which was 
manually positioned for each measurement.  This strut consisted of two pieces, the lower section 
was streamtube with a generic aerofoil cross section and the upper a piece of straight bar stock with 
a rectangular cross-section. The length of the upper section was varied depending on the height 
required and was joined to the lower section via a hinge allowing all measurement to be made with 
this one mount.  
 
Figure 2-46 – Cobra probe mount for the AWT cylinder experiments. 
This mount was slender enough not to influence wake measurements although it did require 
transverse guy-wires to completely stabilise the probe. Care was exercised during mounting to 
ensure the probes position was accurate; the allowable difference between the recorded and actual 
position never exceeded 1%. Sampling settings for the Cobra probe were identical to the wake 
mapping experiments with the exception of sampling time which was increased to 125 seconds to 
increase the fidelity of spectral results. 
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2.6  Flow Visualisation 
Limited flow visualisation was performed for the Formula 1 experiment using the smoke wire 
technique similar to that described by Fisher (2013). This technique created a sheet of fine smoke 
streaks by vaporising glycerine suspended on a thin Nichrome wire. A reduced flow speed was 
required to ensure the smoke trails were not dispersed by free stream disturbances; all flow 
visualisation was performed at a Reynolds number of 5.5x105 based on Formula 1 model length. 
 
Figure 2-47 – Smoke wire suspended upstream of the Formula 1 models rear wing. 
Nichrome wire 0.08 mm in diameter was strung horizontally between two threaded rods, one 
end was held between two locking nuts while the other ran over a sheave and was attached to a 
small weight. Therefore the wire remained under constant tension despite the elongation 
experienced under heating. The sections of threaded rod were positioned using retort stands and 
connected to 60V power supply (Figure 2-47). The fine wire prevented vortex shedding as the 
Reynolds number based on wire diameter was approximately 29; von Karman shedding has been 
documented to begin at 47 (Kundu and Cohen, 2008). 
2.7  Consideration of Errors 
Errors can be characterised in two forms; precision errors which can be measured through 
repeat experiments using nominally identical conditions and bias errors which can only be estimated 
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by calibration to a reference value with known accuracy. For this research precision errors were 
expected to be much larger than any bias errors and thus errors sources were calculated separately. 
2.7.1  Precision Errors 
Precision errors were derived from repeat experiments, performing these for force balance 
measurements was straightforward but for wake maps the time required to conduct each 
experiment proved challenging. As such repeatability was handled in the following way:  
 Force coefficient plots are presented with 95% confidence intervals calculated from 
multiple repeat experiments.  
 Wake data for the cylinder experiments was presented without error bars; in all cases 
the 95% confidence intervals were less than the size of the data markers and thus were 
removed for clarity.  
 Wake contours for the Formula 1 experiments were overlayed and presented in 
Appendix B. 1. 
2.7.2  Bias Errors 
Bias uncertainty is common to all measurements and was not expected to affect any conclusions 
drawn. The absolute accuracy of measurements was considered but the propagation of these errors 
into the experimental parameters such as velocity and turbulence intensity was not calculated. 
However bias errors for load cell data were removed in post processing using calibration data 
determined in Appendix B. 2. Uncertainties are shown in Table 2-3.  
Equipment Bias uncertainty 
Cobra probe ±0.1m/s (smooth flow) ±0.5m/s (Iuvw = 30%) 
IWT traverse ±0.5mm 
AWT traverse ±1mm 
MKS Baratron (for Pitot readings) ±100Pa 
Temperature thermocouple ±0.1°C 
Barometer ±100Pa 
Wheel RPM controller ±8RPM 
Table 2-3 – Summary of bias uncertainties. 
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Chapter 3   
Wake Flow behind an Open-Wheel Racing 
Car  
In this chapter the wake of a generic Formula 1 racing car is examined, the salient features 
investigated and the vehicle components responsible identified. Mean velocity, vorticity, turbulence 
intensity and vortex core positions were recorded and contoured between half and one car length 
behind the model allowing the longitudinal wake development to be examined. The vehicle 
components responsible for the salient wake features were identified through sensitivity studies 
considering the influence of the rear wing flap and wheel rotation. 
3.1  Reynolds Number Sensitivity 
Force balance measurements were made before wake mapping was performed. The purpose of 
these measurements was to determine the speed at which Reynolds independence was achieved. 
Force coefficients were calculated via the standard equation with reference area taken as the 
projected frontal area of the vehicle model. Localised Reynolds effects and tare calculations were 
also assessed with these details presented in Appendix C. 
Lift and drag coefficients are plotted against Reynolds number in Figure 3-1 with error bars 
representing the 95% confidence interval. This behaviour was consistent with bluff body type 
aerodynamics as expected; although open-wheel racing cars develop significant amounts of 
downforce they do so at relatively low efficiencies due to significant pressure and induced drag. Drag 
coefficient was relatively stable above a Reynolds number of 106 while lift showed more sensitivity in 
the lower Reynolds range with small changes in flow speed yielding relatively large changes in lift 
coefficient; this was most probably due to laminar separation over the aerofoil sections given their 
lower local Reynolds number. However above a value of 1.36x106 there were only small changes in 
lift coefficient with increases in Reynolds number. Reynolds sensitivity was therefore judged based 
upon lift coefficient and independence can be seen to be achieved above a Reynolds number of 
1.6x106. Between this value and the upper limit of 3.3x106 there was a maximum difference of 3.7% 
in CL while the variation between neighbouring points never exceeded 1.6%. Over the same range CD 
 102 
 
was even less sensitive with total change of 1% and a neighbouring point difference no more than 
1.3%. The minimum Reynolds number of the IWT experiments was thus set to 1.6x106 based on car 
length. 
 
Figure 3-1 – Lift and Drag coefficient versus Reynolds number, with 95% confidence intervals. 
Full scale racing cars typically operates between 107 and 3x107, which is an order of magnitude 
higher than that achieved here. However the bluff body nature of many of the components of an 
open-wheel racing cars means they should be relatively insensitive to Reynolds number and indeed 
the majority of public domain research on open-wheel racing cars has been carried out within the 
range achieved here (i.e. Bonis and Quagliotti, 1986, Carr and Eckhart, 1994, Katz, 2002, Dimitriou 
and Garry, 2002, Wilson et al, 2008, Newbon et al, 2015 etc). This coupled with the plateau of -CL 
and CD achieved (Figure 3-1) provides sufficient reasoning that the models performance is free from 
significant Reynolds number effects and thus the experimental findings are applicable to full scale 
racing cars. 
3.2  Static Wheel Model Wake 
Results from the static wheel configuration are presented first with all experiments conducted 
at a fixed Reynolds number of 2.4x106 based on model length. This value is higher than the 
established minimum and was chosen to ensure wake results were relatively free of Reynolds 
effects. The longitudinal positions of wake mapping were set by the need to compare with the 
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literature and, for the upper limit, the boundary layer growth over the ground board. These 
requirements gave a range of X/ℓ = [0.5 : 1]; At X/ℓ = 0.5 the minimum value of ‘good data’ was 
recorded by the Cobra probe as 90% (Figure 3-2) and thus data at this position was not significantly 
influenced by the probes flow angularity specifications. The dimensions of the wake mapping area 
were set by the wake itself with Z = [0 : 1.65] and Y = [-0.75 : 0.75] found to encompass the salient 
features at X/ℓ = 0.5. The vertical limit of the wake grew with longitudinal movement such that at 
X/ℓ = 1 Z was increased to [0 : 2] however the Y limits remained the same.   
 
Figure 3-2 – Contour of ‘good data’ percentage at X/ℓ = 0.5. 
3.2.1  Design Configuration 
3.2.1.1  X/ℓ = 0.5 
At X/ℓ = 0.5 the flow was dominated by a pair of counter-rotating vortices and a ‘mushroom-
like’ wake featuring a central column of low speed, highly turbulent flow. A 50% deficit in Velocity 
was seen in the centre of the wake as shown in Figure 3-3 with the main contribution due to the 
streamwise component as evidenced by the almost identical map in Figure 3-4. The cross-flow 
components do not appear as significant however they do indicate the strength of the vortex pair; V 
and W magnitudes of up to 30% of the freestream were recorded highlighting the considerable 
amount of circulation. The low speed column at the centre of the wake most likely originated from 
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the diffuser having been redistributed by the vortex pair into the mushroom shape present at X/ℓ = 
0.5; a finding consistent with the results of Wilson et al (2008). Secondary features were also present 
with the rear wheel wakes evident by the localised velocity deficit in their footprint; the low, wide 
wake was consistent with that of a stationary wheel in contact with the ground. However both the 
measurement fidelity and possible boundary layer interaction obscure how significant the wheels 
were at this spacing. Indeed the presence of the boundary layer was most noticeable through the U 
velocity component, however its influence appeared quite small. At this spacing results also showed 
a mild asymmetry which increased with downstream position, however as discussed in Section 
2.1.2.2 this property is intrinsic to the IWT and does not preclude the generation of the salient 
features of a vehicle wake nor the reproduction of independent research.  
 
Figure 3-3 – Normalised Velocity contour at X/ℓ = 0.5. 
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Figure 3-4 – Normalised component velocity contours at X/ℓ = 0.5. 
As seen in Figure 3-5 the distribution of overall turbulence (Iuvw) was much the same as velocity 
with a mushroom like structure featuring maximum values in the central wake column. The 
relationship between flow parameters was investigated further through calculation of the 
correlation coefficients. Ten parameters were analysed which gave 45 unique permutations, 
however only those which yielded significant results are shown in Table 3-1. A correlation coefficient 
of 1 indicates perfect linear dependence between variables while a value of 0 shows independence, 
the sign indicates the behaviour of dependence with negative values representing an inverse 
relationship. High negative correlation between Velocity and Iuvw was found indicating a strong 
dependency between turbulence intensity and velocity deficit. There was also an almost perfect 
dependency between overall turbulence and component turbulence, this was not only a quantitative 
relationship but also a qualitative one as seen by the extremely similar wake structure shared by all 
turbulence intensities in Figure 3-6. These dependencies clearly exist due to a cause/effect 
relationship of a wake; that is the generation of a significant velocity deficit leads to the generation 
of significant turbulence and vice versa. The final dependency of note was that between W and both 
Velocity and Iuvw, this correlation is relatively weak and primarily a result of the vortex pair creating a 
strong upwash at the vehicle centreline. This in turn demonstrates the strong influence the vortex 
pair has upon the wake structure both qualitatively and quantitatively. 
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Figure 3-5 – Overall turbulence intensity contour at X/ℓ = 0.5.  
 
Figure 3-6 – Component turbulence intensity contours at X/ℓ = 0.5. 
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Parameter Parameter Correlation Coefficient 
Iuvw Iuu 0.99 
Iuvw Ivv 0.99 
Iuvw Iww 0.98 
Iuvw U -0.96 
Iuvw V -0.08 
Iuvw W 0.70 
Iuvw Velocity -0.95 
Iuvw Pitch angle 0.74 
Iuvw Yaw angle -0.03 
Velocity U 0.99 
Velocity V 0.13 
Velocity W -0.69 
Velocity Pitch angle -0.74 
Velocity Yaw angle 0.08 
Table 3-1 – Abridged table of correlation coefficients for X/ℓ = 0.5. 
Although a high dependency between velocity and turbulence parameters was found, 
differences between the contours were present. The turbulence in proximity to the ground plane 
was more substantial than suggested by the velocity plots (Figure 3-6). This was most prominent in 
the streamwise component (Iuu) and indicated the presence of a turbulent boundary layer at this 
position on the ground plane. The presence of the wheel wakes was also discernible, particularly 
within Ivv and Iww, although their significance appears minimal. Of most interest was the local 
turbulence maxima seen at the approximate location of the vortex cores. This, combined with the 
low energy typical of a vortex core, indicated the cores were not fixed points in space but rather 
moving; spectral analysis of the data points in this area showed no discrete peaks and thus this 
movement was non-cyclical. The density of the measurement grid limited estimation of the vortical 
core positions to Y = [-0.25, 0.31] and Z = 0.86 as seen in Figure 3-7. The different horizontal position 
of the cores was consistent with the mild asymmetry of other flow parameters and was attributed to 
the slightly yawed flow within the test section. The relative vertical position of these vortices agreed 
with that found by Wilson et al. (2008) however the horizontal position did not; this disparity was 
due to the differing rear wing designs between Wilson’s model and that used here. Wing end plates 
influence the process of vortex generation as seen in smoke traces over the rear wing from side 
(Figure 3-8) and top elevations (Figure 3-9); shear layer roll-up and formation of the vortical cone 
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was illustrated by the entrainment of smoke traces, which was structured and showed very little 
mixing within the influence of the end plate as seen through the discrete smoke lines. This in turn 
delayed the convection of flow into the low pressure region at the vehicle centreline and yielded a 
vortical core position outboard of the endplate. Excluding the disagreement in horizontal core 
location, vortex behaviour was quite symmetrical with summation of vorticity across the 
measurement plane approximately zero while qualitatively vorticity was distributed similar to that of 
overall turbulence and velocity. However the contour of vorticity did highlight the rapid flow 
changes around the vortex core locations and the need for increased measurement density in these 
areas. 
 
Figure 3-7 – Vorticity contour at X/ℓ = 0.5. 
 109 
 
 
Figure 3-8 – Smoke visualisation over the rear wing, side elevation with flow moving left to right. 
 
Figure 3-9 – Smoke visualisation over the rear wing, upper elevation with flow moving bottom to top. 
3.2.1.2  X/ℓ = 1 
Moving downstream to X/ℓ = 1 the basic wake structure was seen to remain similar, although 
effected by the mixing process; the mushroom structure developed with wake expansion primarily in 
the Z axis due to the upwash at the centreline however, some horizontal growth also occurred. 
Entrainment of free-stream fluid into the wake resulted in slight velocity recovery as seen in the 
Velocity contour (Figure 3-10). This resulted in the column of low speed flow being redistributed into 
two areas, one above the rear wing and a secondary velocity deficit close to the ground. These 
changes did not affect the behaviour between velocity components which were the same as that 
recorded upstream; Velocity and U distributions are almost identical while V and W showed a similar 
distribution as that at X/ℓ = 0.5. The magnitude of peak transverse velocities was reduced by 
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approximately 40% for V and 35% W indicating diffusion but also a reduction in vortex strength. The 
change in the streamwise velocity magnitude was greater with minimum velocities 55% higher than 
the upstream position.  
 
Figure 3-10 – Normalised velocity contour at X/ℓ = 1. 
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Figure 3-11 – Normalised component velocity contours at X/ℓ = 1. 
 
Figure 3-12 – Overall turbulence contour at X/ℓ = 1. 
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The change in turbulence properties between the measurement positions followed a similar 
trend of diffusion; at X/ℓ = 1 the area of turbulence intensity increased with a corresponding 
magnitude reduction of approximately 35% for all components when compared to X/ℓ = 0.5. As seen 
in Figure 3-12 the distribution of Iuvw was more homogenous although the area of turbulence in 
proximity to the ground increased. Turbulence in this region was composed mainly of Iuu (Figure 
3-13) and attributed to both the wheel wakes and boundary layer growth. Although the qualitative 
behaviour between overall and component turbulence was maintained, the location of maximum 
intensity for Iuu and Iww was advected vertically placing these areas at the top of the wake (Figure 
3-13). The relationship between component and overall turbulence was otherwise very similar with 
correlation coefficients shown in Table 3-2 comparable to those at X/ℓ = 0.5, notwithstanding a small 
decrease due to the influence of diffusion. 
 
 
Figure 3-13 – Component turbulence contours at X/ℓ = 1. 
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Parameter Parameter Correlation Coefficient 
Iuvw Iuu 0.99 
Iuvw Ivv 0.97 
Iuvw Iww 0.96 
Iuvw U -0.95 
Iuvw V -0.09 
Iuvw W 0.67 
Iuvw Velocity -0.93 
Iuvw Pitch angle 0.68 
Iuvw Yaw angle -0.04 
Velocity U 0.99 
Velocity V 0.11 
Velocity W -0.61 
Velocity Pitch angle -0.63 
Velocity Yaw angle 0.01 
Table 3-2 – Abridged table of correlation coefficients for X/ℓ = 1. 
 
As seen in Figure 3-14 vorticity was dispersed and peak values reduced approximately 65% 
when compared to X/ℓ = 0.5, however, qualitatively this contour matched reasonably well with Iuvw 
and Velocity as was the case at the upstream position. In line with this wake development, the 
position of the vortical cores shifted upwards slightly while the horizontal locations appeared 
unchanged within the measurement fidelity. This vertical movement did not occur uniformly as the 
left core was higher than the right. Comparative analysis between these maps and those obtained in 
the AWT (See Chapter 4) identified the root cause of this asymmetry as flow angularity in the IWT. 
Once again the vortex behaviour indicated a need to increase the number of data points around the 
core locations.   
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Figure 3-14 – Vorticity contour at X/ℓ = 1. 
Overall wake results from both downstream positions were consistent with the work of Bonis & 
Quagliotti (1986), Soso & Wilson (2006), Wilson et al. (2008) and Newbon et al. (2015) 
notwithstanding two differences. Firstly the turbulence intensities measured by Wilson et al. (2008) 
at X/ℓ = 0.5 were approximately 20% higher and secondly the boundary layer present in the current 
research. A likely cause of both is the difference between a rolling road as used by Wilson et al. 
(2008) and the fixed elevated ground used here. The boundary layer present in this experiment 
limits the magnitude of downforce generated by the vehicle (principally the undertray) and in turn 
the secondary vortices and upwash of the diffuser may be underestimated. The other significant 
factor is the difference in static and rotating wheel flows, in particular any interaction between the 
rear wheels and the diffuser/rear wing were not accounted for. Finally there is also a degree of 
uncertainty regarding the findings of Wilson et al. (2008); Reynolds independence may not have 
been achieved given the maximum values reached were an order of magnitude less than that 
achieved in this research and the conditioning of the turbulence data was not reported. Wilson et al. 
(2008) used a 5-hole pressure probe with supplementary measurements made via hot wire, the 
exact process was not discussed however it was stated that the former was only calibrated to accept 
flow within a ±45° cone; the same as the Cobra probe used in this research. Practical experience 
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from these experiments showed that measurements taken with samples outside this range exhibit 
significant over/under-reporting of flow parameters and thus such measurements must be 
conditioned to ensure the final data are unbiased. This could have caused the turbulence intensities 
presented by Wilson et al. (2008) to be over-reported and indeed the author acknowledged these 
data were not well conditioned. As no other literature exists detailing the turbulence properties 
behind open-wheel racing cars the findings of Wilson et al. (2008) represent the best benchmark. 
When the differences between this experiment and the literature are accounted for, the wake 
results presented here were in good agreement.  
3.2.2  Effect of the Rear Wing 
Results from the baseline configuration showed a wake that composed an area of low speed, 
turbulent flow most likely originating from the diffuser, which was redistributed by a counter-
rotating vortex pair generated by the rear wing. The vortex pair appeared to play a significant role in 
both wake composition and development but to what extent was unclear. To better understand this 
interaction the vortices were reduced in strength and the influence on wake structure examined. 
This was achieved by reducing the rear wing downforce via adjustments to the rear wing flap angle; 
a design that was modelled on the Drag Reduction System (DRS) currently used in Formula 1 
whereby the flap pivots at the trailing edge (Figure 3-15). Of the two alternate conditions 
investigated the first replicated the regulations of the 2013 Formula 1 season which specified a 
horizontal distance of 50mm between the leading edge of the open and closed positions (FIA, 2013), 
this was termed the ‘DRS’ position and for this vehicle and scale placed the flap at an AoA of -15°. 
The second setting investigated set the chord line of the flap parallel with the freestream in effect 
creating a single element wing, this was termed the ‘trim’ position and corresponded to an AoA of -
48°.  
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Figure 3-15 – Sectional view of rear wing showing the angle-of-attack positions and naming convention. 
Results from the DRS condition were only slightly different from the baseline configuration. 
Force data showed an average reduction of 0.5% for -CL and 4.5% for CD. These decreases were 
evident in the wake flow with small changes at both spacings but the most apparent differences 
were seen X/ℓ = 1. Qualitatively the wake was highly similar to the baseline configuration (Figure 
3-16) save for a reduction in wake height of approximate 5% and reduction in width of less than 1%. 
Between the baseline and DRS experiments all flow parameters were quantitatively identical within 
repeatability limits except for V and W and those parameters mathematically derived from them. V 
and W were between 15% and 30% greater in magnitude and as a result pitch angle, yaw angle and 
vorticity were all slightly greater than the baseline results. This was a counterintuitive result and was 
attributed to the DRS setting likely creating two distinct wings operating in close proximity rather 
than a single multi-element wing. Each wing would thus generate their own vortex pair which could 
account for the greater vorticity seen in Figure 3-16. However this reasoning was not examined 
further as the results did not provide the required insights in to the rear wings influence. 
Nevertheless these results do elucidate specifics of Formula 1 aerodynamics and in particular the 
best design practices of DRS and alike, interested readers should refer to Appendix D. 1 where these 
results are presented. 
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Figure 3-16 – Vorticity contour at X/ℓ = 0.5, DRS condition. 
3.2.2.1  X/ℓ = 0.5, Flap set to Trim 
With the flap set to the trim position the rear wing vortices were reduced in strength and 
desired effect achieved. Load cell data in Figure 3-17 shows both -CL and CD were reduced with 
average values 35% and 16% less than the baseline respectively. Reynolds number sensitivity was 
similar to the baseline configuration; above a value of 1.6x106 the difference between the data 
remains fairly constant for both -CL and CD. As expected the reduced vehicle forces gave rise to a 
significantly different wake. The contour of vorticity in Figure 3-18 demonstrates the reduced rear 
wing vortex strength with peak values approximately 50% lower the baseline configuration. Flow 
visualisation corroborates this with smoke traces passing between the mainplane and flap almost 
unaffected (Figure 3-19). Although weaker and less prominent, the vortex core locations can be 
estimated at Y = [-0.25, 0.31] and Z = 0.8 which is slightly lower than the baseline and consistent with 
the now lower trailing edge. Peak vorticity at the core locations was accompanied by a second area 
with similar magnitudes; either side of the centreline and closer to the ground (Z < 0.5). This lower 
area has begun to merge with the wing vortices but was almost certainly due to the corner vortices 
of the diffuser. Although much weaker than the vortices generated by the rear wing in the baseline 
configuration, those generated by the diffuser were significant and clearly play a role in generating 
upwash close to the ground as evidenced by the peak W values at Y = 0 and Z = 0.2 (Figure 3-21). 
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Figure 3-17 – CD and -CL response for the baseline and trim conditions. 
 
Figure 3-18 – Vorticity contour at X/ℓ = 0.5, trim condition. 
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Figure 3-19 – Smoke visualisation over the rear wing at the trim condition, upper elevation with flow moving 
bottom to top.  
The remaining velocity contours (Figure 3-20 and Figure 3-21) demonstrate that the weaker rear 
wing vortices yielded less circulation, slowing the mixing process and reducing wake width by 14% 
and height by 20%. As seen in Figure 3-21 the transverse velocity components were reduced with 
peak values some 25% less than the baseline. This reduced cross-flow altered the distribution of 
Velocity to a truncated mushroom with a centralised loss core directly behind the car; minimum 
values within this area were also 17% lower than the baseline indicating the qualitative and 
quantitative effect the rear wing vortices had upon the wake. The location of this loss core identified 
its origin as the diffuser, while its magnitude confirmed this vehicle component as the primary 
source of velocity deficit within the wake.  
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Figure 3-20 –Normalised velocity contour at X/ℓ = 0.5, trim condition. 
 
Figure 3-21 – Normalised component velocity contours at X/ℓ = 0.5, trim condition. 
Similarly the majority of turbulence was concentrated in a small region directly behind the 
vehicle while the previously measured peaks around the vortex cores were no longer present. The 
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reduced turbulence from the rear wing also clarified the wheel wakes with the wide, low profiles 
present in the Iuu map consistent with that of stationary wheels in contact with the ground (Bearman 
et al, 1988). Quantitatively turbulence was decreased for all measurements with maximum readings 
within the vehicle wake reduced by 11% for Iuvw, 15% for Iuu, 18% for Ivv and 5% for Iww when 
compared to the baseline. However the dependencies between flow parameters were unchanged 
for all the significant relationships (correlation coefficient > 0.9), although the weakly dependant 
relationship between Iuvw and W (and hence pitch angle) was decreased some 13%; an expected 
result given the different upwash and turbulence behaviour for this case. 
 
Figure 3-22 – Overall turbulence intensity contour at X/ℓ = 0.5, trim condition. 
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Figure 3-23 –Component turbulence intensity contours at X/ℓ = 0.5, trim condition. 
Parameter Parameter Correlation Coefficient 
Iuvw Iuu 0.99 
Iuvw Ivv 0.99 
Iuvw Iww 0.98 
Iuvw U -0.96 
Iuvw V -0.07 
Iuvw W 0.61 
Iuvw Velocity -0.96 
Iuvw Pitch angle 0.68 
Iuvw Yaw angle 0.03 
Velocity U 0.99 
Velocity V 0.11 
Velocity W -0.71 
Velocity Pitch angle -0.79 
Velocity Yaw angle 0.01 
Table 3-3 – Abridged table of correlation coefficients for X/ℓ = 0.5, trim condition. 
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3.2.2.2  X/ℓ = 1, Flap set to Trim 
Interrogation of the flow field at X/ℓ = 1 showed the wake remained vertically truncated owing 
to the weaker rear wing vortices. At this spacing peak vorticity (Figure 3-24) was the lowest recorded 
with a reduction of 45% when compared to the trim case at X/ℓ = 0.5. The two previously measured 
locations of peak vorticity had merged by X/ℓ = 1 with a distribution that was more asymmetric; 
from the upstream position both cores had moved outboard but remained at a similar height, this 
movement was most significant for the right core. However this asymmetry agreed with the general 
behaviour recorded for the baseline.  
 
Figure 3-24 – Vorticity contour at X/ℓ = 1, trim condition. 
Although the wake had grown in size from the upstream measurement plane, the velocity loss 
core remained concentrated due to the reduced cross-flow (Figure 3-25). This area had convected 
upwards becoming vertically truncated and wider in the process, accordingly the area of peak 
upwash had also moved upwards as shown by the W contour in Figure 3-26. Mirroring the results at 
X/ℓ = 0.5, flow parameters with strong dependencies showed no significant change in their 
correlation coefficients however, those pertaining to W were altered. Compared to the baseline, the 
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correlation coefficient between W and Iuvw was increased 15% while that between W and Velocity 
increased 30%. Accordingly changes to the pitch angle dependencies were almost identical to those 
for W as summarised in Table 3-4. These differences once again highlighted the rear wing vortices as 
the primary source of cross-flow within the wake. The exception to this being the cross-flow close to 
the ground which was generated by the diffuser, as evidenced by the good agreement with the 
lower portion of the velocity and turbulence contours (Z < 0.5) between the trim and baseline 
conditions.  
 
Figure 3-25 – Normalised velocity contour at X/ℓ = 1, trim condition. 
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Figure 3-26 – Normalised component velocity contours at X/ℓ = 1, trim condition. 
 
Figure 3-27 – Overall turbulence intensity contour at X/ℓ = 1, trim condition. 
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Figure 3-28 – Component turbulence intensity contour at X/ℓ = 1, trim condition. 
Parameter Parameter Correlation Coefficient 
Iuvw Iuu 0.99 
Iuvw Ivv 0.99 
Iuvw Iww 0.98 
Iuvw U -0.97 
Iuvw V -0.06 
Iuvw W 0.77 
Iuvw Velocity -0.97 
Iuvw Pitch angle 0.78 
Iuvw Yaw angle 0.02 
Velocity U 0.99 
Velocity V 0.10 
Velocity W -0.79 
Velocity Pitch angle -0.80 
Velocity Yaw angle 0.02 
Table 3-4 – Abridged table of correlation coefficients for X/ℓ = 1, trim condition. 
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3.2.2.3  Longitudinal Wake Development 
Longitudinal wake development was assessed by plotting the maximum and/or minimum values 
for the measured flow properties as a function of downstream distance. These calculations only 
considered areas within the wake generated by the vehicle and thus were not affected by the 
boundary layer or freestream values. Minimum Velocity and maximum Iuvw is plotted as a function of 
downstream distance in Figure 3-29 while peak vorticity magnitudes are shown in Figure 3-30. 
Although Velocity magnitudes for the trim experiments were lower than the baseline, the difference 
between the baseline and trim cases remained fairly constant over the test range although the rate 
of velocity recovery (
         
  
) was reduced approximately 15% in the trim configuration. In 
comparison the longitudinal development of turbulence intensity and vorticity was more affected; 
when the strength of the rear wing vortices were reduced the rate of turbulent and vorticity decay 
were reduced by 22% and 57% respective.  
 
 
Figure 3-29 –Maximum overall turbulence intensity and minimum velocity within the wake as a function of 
downstream distance. 
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Figure 3-30 –Maximum and minimum vorticity within the wake as a function of downstream distance. 
Through comparative analysis of the wakes generated by the baseline and trim conditions, the 
vehicle components responsible for the salient wake features were identified. The rear wing 
generated the strong vortex pair characteristic of open-wheel racing car wakes while the diffuser 
was responsible for the velocity deficit and upwash generated close to the ground. The transverse 
flow seen in the baseline wake was therefore attributed to a combination of the rear wing and 
under-body flows. The rear wing vortex pair was the more dominate source of circulation which 
worked to redistribute the turbulent wakes of other vehicle components but also introduced its own 
source of turbulence. This vorticity entrained fluid from the freestream into the wake which reduced 
velocity deficit but in doing so created a larger wake footprint; these mixing and diffusion processes 
varied depending upon downstream distance and thus the vortices were found to be a key 
component in the qualitative and quantitative behaviour of the wake. The one characteristic that 
was unaffected by the rear wing vortex pair was the relationship between flow parameters with 
correlation coefficients showing only slight changes between the trim and baseline cases; the 
exception being relationships involving either W or pitch angle. Despite these changes all 
dependencies of W or pitch angle remained weak (coefficient values between 0.61 – 0.79) and thus 
remained comparable to the baseline (coefficient values between 0.61 – 0.7). Although these 
experiments revealed the salient wake features of an open-wheel racing vehicle and proved these 
can be produced with a static model on a stationary ground, key questions remained. The role of the 
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rear wheels was not discerned and the longitudinal wake behaviour required a minimum of three 
measurement points to be accurately understood.  
3.3  Rotating Wheel Model Wake 
Wake maps from the static experiments showed the aerodynamic influence of the wheels was 
present in the aft-body flow, however their significance on the overall wake was not clear. Results 
from previous researchers have shown the aerodynamic forces generated by the wheels are 
significant and can represent up to 10% of the CL and 40% of the CD of the vehicle (Katz, 2002). Given 
their exposed nature, the effect of wheel rotation upon the vehicle coefficients is also marked with 
increases of 16% for -CL and 8% for CD reported when wheel rotation is simulated (Carr & Eckhart, 
1994). Results from the same study also established the rotational condition was most sensitive for 
the rear wheels as front axle -CL and CD was unchanged between the stationary and rotating cases. It 
is reasonable to postulate these force results will translate to changes in wake flow over the 
measurement domain (X/ℓ = [0.5 : 1]). Dominance of rear wheel rotation appeared reasonable given 
not only the findings of Carr and Eckhart (1994) but also the wake profiles from Section 3.2  which 
showed negligible influence from components on the forward half of the vehicle. It was decided that 
the influence of wheel rotation would be investigated and that this process would be limited to 
rotation of the rear wheels. This approach was consistent with previous researchers who modelled 
wake generators with only the rear end of a vehicle (Soso & Wilson, 2005, Wilson et al, 2008 and 
Newbon et al, 2015). Although the Formula 1 model was designed to simulate wheel rotation, the 
static and rotating setups did differ; the primary difference was the inclusion of two stings between 
the vehicle under-tray and ground plane and one for each rotating wheel as described in detail in 
Section 2.2.1 (see Figure 2-35 and Figure 2-36). Other changes to the experiment included more 
measurements around the vortex cores (see Appendix D. 4), inclusion of a third measurement 
position at X/ℓ = 0.75 and conducting the experiments at the established minimum Reynolds 
number of 1.6x106 based on model length. 
As the rotating wheel experiments were carried out using a stationary ground with a friction 
seal at the contact patch, it was important that the modelling technique achieved a wake flow 
analogous to that of a rotating wheel on a moving ground. To confirm this, a validation experiment 
was performed whereby a single rear wheel from the Formula 1 model was mounted in isolation and 
the transverse wake interrogated. In terms of wake flow, it was determined that this modelling 
technique was analogous to a rotating wheel in contact with a rolling road, the results of this 
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experiment are covered in detail Appendix A. 1. For all tests where the wheel was rotated, the rpm 
of the wheel was set so the tangential velocity was equal to the freestream. Rpm was monitored 
using a precision stroboscope and over the testing period was found drift no more than ±1% of the 
target value.  
3.3.1  Effect of Rear Wheel Rotation 
Initial experimentation was performed with only the left rear wheel rotating; this asymmetric 
setup was used to investigate the relative influence of wheel rotation, which if found to be 
significant, would give reason for both rear wheels to be rotated. Rotation-on and rotation-off cases 
were mapped at three downstream positions (X/ℓ = [0.5, 0.75, 1]) however, for brevity only the 
rotation-on contours for X/ℓ = [0.5 & 1] are discussed in detail here. All wake contours for X/ℓ = 0.75 
are located in Appendix D. 2 while the rotation-off contours for X/ℓ = [0.5 & 1] were compared to 
the static configuration contours (Section 3.2.1 ) to determine the precisions errors involved in wake 
mapping in Appendix B. 1. 
3.3.1.1  X/ℓ = 0.5 Rotation-On 
Rotating the left rear wheel had a mainly qualitative affect on the vehicle wake with a resultant 
asymmetric flow that was skewed towards the left-hand side of the vehicle. As seen in the Velocity 
contour (Figure 3-31) peak deficit is very similar to the stationary results yet the distribution of this 
deficit now covers a much greater area. This was particularly prevalent in the area around the left 
side of the diffuser, that is, Y = [-0.25 : 0] and Z = [0 : 0.4]. This distribution was reflected in the 
component velocities in Figure 3-32 and in particular that of U and W. This result indicated that the 
inclusion of wheel rotation had an effect upon the performance of the diffuser in terms of 
generating upwash and pressure recovery. As expected a reduced wheel wake for the rotating side 
was visible with a smaller velocity deficit in the footprint of the left wheel. 
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Figure 3-31 – Normalised velocity contour for rotating wheel at X/ℓ = 0.5. 
 
Figure 3-32 – Normalised component velocity contours for rotating wheel at X/ℓ = 0.5. 
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Figure 3-33 – Overall turbulence contour for rotating wheel at X/ℓ = 0.5 
 
Figure 3-34 – Component turbulence contours for rotating wheel at X/ℓ = 0.5. 
Turbulence intensities showed a similar change with a qualitative skew in the wake towards the 
left side of the vehicle. The location of peak turbulence was located to the right of the centreline 
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with intensities slightly greater than those for the static configuration both for overall and 
component values (Figure 3-33 and Figure 3-34). This result was most likely due to the asymmetric 
configuration; increased upwash from the left side of the diffuser was pulled into the centre of the 
wake where it interacted with the cross-flow generated by the rear wing vortices in turn creating 
unsteadiness which was manifest in the turbulence contours. The reduced wheel wake for the 
rotating side was more clearly demonstrated through the turbulence contours than the velocity 
results; when comparing the static and rotating sides in Figure 3-33 and Figure 3-34, there is a 
difference in magnitude and distribution of turbulence close to the ground. This also demonstrates 
the boundary layer influence was actually much smaller than that suggested by the static 
configuration as the turbulence close to the ground in those contours was primarily a product of the 
wheel wakes. 
 
Figure 3-35 – Vorticity contour for rotating wheel at X/ℓ = 0.5. 
Despite the changes to the velocity and turbulence contours, there was minimal evidence to 
suggest rear wheel rotation had an effect on the performance of the rear wing. While the vorticity 
contour (Figure 3-35) showed a mild asymmetry it was less apparent than either the velocity or 
turbulence results. Although vorticity was greater for the left vortex core than the right, this 
behaviour was observed for the static configuration and was attributed to the slight flow angularity 
of the IWT. The dominance of the rear wing vortices upon vorticity also obscured any direct 
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evidence of changes to the diffuser corner vortices, however the secondary effect of this was 
increased upwash which can be seen in all contours. In addition no significant change was seen in 
the relative behaviour between flow parameters with good agreement between the correlation 
coefficients for the rotation-on and rotation-off tests as seen in Table 3-5. This finding agreed with 
that for the rear wing and suggests that while the overall wake structure was somewhat easily 
influenced, the relative behaviour between the flow parameters was fairly constant.  
Parameter Parameter Correlation Coefficient 
Wheels 
Stationary 
Wheel 
Rotating 
Iuvw Iuu 0.99 0.99 
Iuvw Ivv 0.99 0.99 
Iuvw Iww 0.98 0.98 
Iuvw U -0.96 -0.95 
Iuvw V -0.12 -0.13 
Iuvw W 0.71 0.70 
Iuvw Velocity -0.95 -0.94 
Iuvw Pitch angle 0.75 0.74 
Iuvw Yaw angle -0.09 -0.08 
Velocity U 0.99 0.99 
Velocity V 0.13 0.10 
Velocity W -0.69 -0.70 
Velocity Pitch angle -0.74 -0.76 
Velocity Yaw angle 0.10 0.06 
Table 3-5 – Abridged table of correlation coefficients for the rotating wheel configuration with wheel rotation 
on and off at X/ℓ = 0.5. 
3.3.1.2  X/ℓ = 1 Rotation-on 
The effect of wheel rotation became more prominent with downstream movement; the 
asymmetric cross-flow increased wake skew resulting in a flow field different to the static case.  As 
seen in Figure 3-36 velocity deficit was once again skewed towards the left side of the diffuser 
providing a strong case that wheel rotation had a direct influence on the performance of the 
diffuser. The increased upwash at the left side has also interacted with the left rear wing vortex core; 
the circulation generated by the vortex pushed the diffuser upwash into the centre of the wake 
thereby entraining fluid from the free stream, decreasing velocity deficit and creating a significantly 
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yawed flow. Simultaneously the diffuser upwash vertically advected the left vortex core more than 
the static results. This asymmetrical flow was strong enough to influence the entire wake field with 
the right vortex being pushed downwards and a resultant diagonal flow as seen in the V contour. 
This result was clearly due to the asymmetric rotation configuration and would not be present if 
both wheels were rotating however, it does provide a clear visual measure of the rotational 
influence. 
 
Figure 3-36 – Normalised velocity contour for rotating wheel at X/ℓ = 1. 
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Figure 3-37 – Normalised component velocity contours for rotating wheel at X/ℓ = 1. 
 
Figure 3-38 – Overall turbulence contour for rotating wheel at X/ℓ = 1. 
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Figure 3-39 – Component turbulence component contours for rotating wheel at X/ℓ = 1. 
 
Figure 3-40 – Vorticity contours for rotating wheel at X/ℓ = 1. 
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Although the turbulence contours were skewed in a similar fashion to velocity, the mushroom 
type distribution of the static configuration was maintained. As seen in Figure 3-38 the primary 
difference at this spacing was reduced turbulence in the footprint of the rotating wheel and the 
asymmetric nature of the wake due to the diagonal cross-flow. The maximum magnitude of 
turbulence increased slightly for overall and component turbulence due to the unsteadiness created 
from the interaction between the diffuser upwash and the wing vortices. However the locations of 
maximum turbulence within the wake remained fairly similar when taking into account the altered 
cross-flow. Turbulence intensity appeared less affected by the rotation of the rear wheels, this was 
reasonable given the majority of turbulence in the wake was produced by the rear wing and not the 
diffuser. 
Parameter Parameter Correlation Coefficient 
Wheels 
Stationary 
Wheel 
Rotating 
Iuvw Iuu 0.99 0.99 
Iuvw Ivv 0.97 0.98 
Iuvw Iww 0.96 0.96 
Iuvw U -0.95 -0.94 
Iuvw V -0.14 -0.03 
Iuvw W 0.62 0.62 
Iuvw Velocity -0.93 -0.92 
Iuvw Pitch angle 0.64 0.65 
Iuvw Yaw angle -0.12 0.02 
Velocity U 0.99 0.99 
Velocity V 0.15 0.04 
Velocity W -0.56 -0.58 
Velocity Pitch angle -0.59 -0.60 
Velocity Yaw angle 0.13 -0.01 
Table 3-6 – Abridged table of correlation coefficients for the rotating wheel configuration with wheel rotation 
on and off at X/ℓ = 1. 
Similar to the upstream position, the influence of rotating the left rear wheel was not overtly 
apparent in the vorticity contour (Figure 3-40) although a mild asymmetry was present. The 
correlation coefficients were also very similar between the rotation-on and rotation-off tests with no 
significant changes occurring. 
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3.3.1.3  Longitudinal Wake Development  
With flow measurements taken at three downstream positions, the longitudinal development of 
the wake could be more accurately assessed. Using the rotation-off results, findings from Section 
3.2.2.3  were extended and the longitudinal influence of the recorded flow parameters determined. 
Values for maximum Iuvw, minimum Velocity, minimum and maximum vorticity were recorded in the 
wake, normalised by the respective value at X/ℓ = 0.5 and plotted as a function of downstream 
distance. Additional steps were taken for Velocity; free-stream values were used to normalise the 
velocity readings which were then subtracted from 1 to give the ratio of velocity deficit wake-to-
free-stream: 
                   
        
         
 
As seen in Figure 3-41 this allowed the relative peak longitudinal decay of each parameter to be 
compared. The decay rate of Velocity Deficit and Iuvw was similar whereas vorticity decayed at a 
much greater rate. This relationship is particularly important for the longitudinal reproduction of 
such wakes as, relatively speaking, Velocity Deficit and Iuvw appear more dominant downstream than 
vorticity.  
 
Figure 3-41 – Normalised peak flow properties for the rotation-off configuration as a function of downstream 
distance. 
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Figure 3-42 – Minimum normalised Velocity within the wake versus downstream location for rotation-on and 
rotation-off conditions. 
To consider the influence of wheel rotation the maximum and/or minimum magnitude of the 
measured flow parameters (and the vortex core locations) was plotted as a function of downstream 
distance. For minimum Velocity (Figure 3-42) there was negligible difference between the 
experiments except at X/ℓ = 0.5 where the rotating condition was approximately 6% lower. Given 
the velocity deficit sources on the model and that the locations of these minimum velocities were in 
close proximity to the diffuser, this was further evidence of the rear wheels influence over diffuser 
performance. The qualitative change seen with the wake distribution supports this result even 
though the quantitative difference was small. The same trend was seen for maximum Iuvw (Figure 
3-43) with a difference of 4% at X/ℓ = 0.5 which reduced to <1% by X/ℓ = 1; a value which was within 
the repeatability limits of the experiments. As discussed within the previous sections, the increase in 
turbulence was more likely a result of the asymmetric setup rather than the effect of a rotating 
wheel. As the diffuser generated a relatively small amount of Iuvw within the wake any change to its 
performance would be expected to yield only a small change in turbulence intensity, as was the 
case.  
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Figure 3-43 – Maximum overall turbulence within the wake versus downstream location for stationary and 
rotating conditions. 
A key qualitative difference seen between the rotation-on and rotation-off conditions was the 
change in the rear wing vortex core locations. The additional upwash generated by the diffuser 
impinged upon the vortex cores altering their locations. The asymmetrical setup resulted in only the 
left side of the diffuser being affected and thus the left vortex core was advected vertically while the 
resultant diagonal cross flow held the right vortex core at a constant height as seen in Figure 3-44. 
Despite the low fidelity, this behaviour was distinct from the rotation-off condition and fairly 
consistent with downstream location. In contrast the horizontal core locations showed no significant 
change between the rotation-on and rotation-off conditions as seen in Figure 3-45. In both Figure 
3-44 and Figure 3-45 the data markers were sized to represent the vertical (Z/h) and horizontal (Y/g) 
uncertainty of the vortex core calculations and thus error bars were not plotted.  
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Figure 3-44 – Rear wing vortex core vertical location within the wake versus downstream location for 
stationary and rotating conditions. 
 
Figure 3-45 – Rear wing vortex core horizontal location within the wake versus downstream location for 
stationary and rotating conditions. 
Velocity parameters were the most affected by rear wheel rotation, while turbulence 
parameters showed only a small influence which was determined to be a result of the asymmetric 
configuration and not wheel rotation. Neither vorticity nor the correlation coefficients between the 
flow parameters were significantly changed between the rotation-on and rotation-off 
configurations. Although not detailed in this section results from X/ℓ = 0.75 confirm these findings. 
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For the rotation-on tests, contour maps showed a qualitative asymmetry in velocity distributions and 
a skewed cross-flow. The increased velocity deficit low to the ground, particularly within the U 
component, suggested the primary influence of wheel rotation was upon the diffusers performance. 
This combined with the limited changes in vorticity make a strong case that the main effect of rear 
wheel rotation for an open-wheel racing car was to increase the upwash and pressure recovery 
produced by the diffuser. A schematic of this effect is shown in Figure 3-46 where the primary cross-
flow sources in the wake are presented for the rotation-off and asymmetric rotation-on 
configuration used within this work. This phenomenon has not been reported within the literature 
however, the mechanism of action is likely due to jetting, known as ‘tyre squirt’, that occurs at the 
contact patch of a rotating wheel (Saddington et al., 2007, Diasinos, 2009, Sprot et al., 2012 and 
Knowles et al., 2013). Further investigation of the interaction of tyre squirt and diffuser flows would 
be of interest. 
 
Figure 3-46 – Idealised cross-flow sources for the rotation-off configuration (left) and rotation-on configuration 
where the left wheel is rotated only (right). 
While the influence of wheel rotation on an open-wheel racing car wake was apparent, the flow 
fields obtained when simulating rear wheel rotation were not vastly different to that of a static 
configuration. Quantitatively the measured wake parameters were not significantly influenced nor 
was the dependency between flow parameters altered; instead the primary difference was 
qualitative. As such it is reasonable to postulate that the resultant flow fields from the rotating 
configuration could be generated with a suitably distorted static model which would prove easier to 
design and manufacture than a dynamic model. 
3.4   Chapter Summary and Conclusions  
In this chapter the results of an investigation of the mean wake properties for an open-wheel 
racing car were presented. The key findings from this chapter are as follows: 
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 While complex, the salient features of an open-wheel racing car wake were able to be 
deconstructed based on the vehicle components responsible; vorticity and turbulence 
intensity was primarily attributed to the rear wing while velocity deficit and ground 
upwash were due to the diffuser. Interaction between these flow sources created the 
characteristic wake of an open-wheel racing car reported by Bonis & Quagliotti, 1986, 
Wilson et al., 2008 and Newbon et al., 2015. 
 The longitudinal wake development was found to influence vorticity most with velocity 
deficit and turbulence intensity less affected; the peak longitudinal decay rate for 
Vorticity was approximately twice that of Velocity Deficit and Iuvw. In quantitative terms 
this indicated that no one flow parameter dominated wake decay.  
 The wake flow generated by an isolated rotating wheel over a stationary ground with a 
friction seal at the contact patch was analogous to a rotating wheel in contact with a 
rolling road; at a spacing of X/d = 2.5 pressure and vorticity distributions were extremely 
similar to the literature as was the qualitative wake distribution.  
 The primary influence of wheel rotation on an open-wheel racing car wake between X/ℓ 
= [0.5 : 1] was to alter the distribution of velocity and turbulence intensity. This was a 
result of increased upwash and pressure recover produced by the diffuser; this strongly 
indicated that rear wheel rotation influenced the efficacy of diffuser.  
 The wake of an open-wheel racing car generated over a stationary ground plane with 
static wheels showed all the salient features of similar wakes produced in moving 
ground facilities (i.e. Bonis & Quagliotti, 1986, Wilson et al., 2008 and Newbon et al., 
2015). The boundary layer present in this research did influence the wake very close to 
the ground and as such the quantitative response was not modelled absolutely, 
however the qualitative data trends were reproduced.  
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Chapter 4   
Wake Generation Upstream of a 
Contraction 
In this chapter the influence of a strain field imposed by a 3.7:1 wind-tunnel contraction is explored. 
A test case of a nominally two-dimensional cylinder wake was considered as the initial step to allow 
the contractions influence to be characterised. This comprised a point-wise longitudinal 
interrogation and a single transverse interrogation for both the unstrained and strained wake. This 
direct assessment allowed the influence of the contraction to be characterised based on changes in 
velocity, turbulence parameters, Strouhal number and wake geometry. The contractions influence 
was found to be multi-faceted and depended heavily on the flow parameter of interest and its 
orientation. Two approaches for characterising this influence were considered, one using point-wise 
flow analysis and a second using dimensional changes. Finally, as a proof of concept the Formula 1 
wake discussed in Chapter 3 was passed through the same contraction and transversely mapped at a 
single downstream location. The efficacy of this approach is discussed through comparative analysis 
between these results and those discussed in Chapter 3. 
4.1  Two-Dimensional Cylinder Experiments 
A principle limitation in empirical wake research is the limited longitudinal distance afforded by 
most wind-tunnel test sections. As discussed in Chapter 1 this is especially problematic for vehicle 
drafting studies as the inter-vehicle spacings that can be achieved within the test section are usually 
not indicative of the real world; a problem which is usually compounded for facilities featuring 
moving belts. Attempts to address this problem have been made using methods such as Turbulence 
Generation Systems (TGS) and compacted wake generators as reviewed in Chapter 1. However the 
implementation of these solutions is almost universally within the test section and thus all have the 
drawback of occupying a portion of the working section. The approach considered here was to 
instead generate the wake upstream of the contraction potentially allowing the entirety of the test 
section to be utilised as shown through the schematic in Figure 4-1. 
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Figure 4-1 – Schematic of wake generation upstream of a contraction using a scaled wake generator in the 
settling chamber. 
Similar approaches have been used by a number of researchers to generate nominally 
homogeneous turbulence (Ravi, 2010, Fisher, 2013 and Marino, 2013) however there is little 
research on generating a specific wake profile in this manner. The success of this approach would 
depend upon how the contraction influenced various flow parameters of a turbulent wake, which in 
turn would be a product of both the contractions geometry and the type of the flow moving through 
the settling chamber to the test section. The choice of test facility was therefore important as this 
would directly impact the findings of the experiment. The test facility used required flow 
characteristics and contraction geometry that were representative of automotive and vehicle wind 
tunnels. RMIT’s Aerospace Wind Tunnel (AWT) met these requirements featuring a closed return 
design, a good flow quality and a contraction ratio (ζ) of 3.7:1. Initially a simplified case was required 
to better understand how an anisotropic, rapidly-decaying turbulent wake is affected by a 
contraction. Ideally this flow would be well documented and exhibit features similar to an 
automotive wake yet be composed of basic flow structure(s) thereby allowing the influence of the 
contraction upon individual flow properties to be extracted. For the Formula 1 wake the longitudinal 
peak decay (Figure 3-41) showed vorticity decayed more rapidly than turbulence intensity or velocity 
deficit. Velocity deficit and turbulence intensity were therefore prioritised with the wake of a two-
dimensional circular cylinder deemed an appropriate test case. This choice also allowed the 
influence of a contraction upon the temporal domain to be considered, i.e. cyclical vortex shedding 
behaviour. Although the orientation of these vortices differs from those found within an open-wheel 
racing car wake, investigation would help elucidate the influence of a contraction upon more 
generalised turbulence.  
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To aid analysis, the influence of the contraction was considered from two stand points; firstly 
longitudinal changes were investigated using a point-wise approach and thus considered primarily 
quantitative data. Qualitative influences were assessed separately using transverse flow mapping to 
capture changes in wake geometry.  
4.1.1  Experimental Design  
Two experiments were required that would be identical save for one difference; the first would 
be a control experiment where the wake is measured in a straight duct while the second would 
measure the wake as it passed through a contraction. The ideal execution of these two setups can 
be seen schematically in Figure 4-2. In reality, matching these experiments completely was simply 
not practical and a form of simplification was required, this came via the use of two separate wind 
tunnels; the AWT for the contraction experiment and the IWT for the control. This choice resulted in 
a discrepancy between the experiments given flow quality at the cylinder varied between each wind 
tunnel (See Section 2.1 for details). However this difference was minimal and not envisioned to 
overtly impact the experiments given the influence of freestream turbulence upon circular cylinder 
vortex shedding has been shown as negligible in the range of Iuvw = [0.5 : 16%] (Zdravkovich, 1990). 
 
Figure 4-2 – Layout for the cylinder experiments showing the range of measurement points.  
Experimental conditions were in-part guided by the wind tunnels used, particularly Reynolds 
number and cylinder dimensions. The lower Reynolds limit was set by the contraction experiment 
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while the upper limit was set by the control experiment, balancing these requirements gave a 
Reynolds number of 50,000. Another factor considered when choosing a test wake was a well 
documented flow, for a cylinder wake the aerodynamic behaviour has been accurately reported over 
the entire Reynolds range up to 107 (Roshko, 1961 see Figure 4-3). At a Reynolds number of 50,000 
the flow is sub-critical and exhibits a sharp vortex shedding frequency, the narrow band nature of 
this phenomenon and the large number of experiments that have been performed within this range 
set this as an ideal test case.  
 
Figure 4-3 – Strouhal number of vortex shedding versus Reynolds number, Bearman’s results indicated by ▽, 
source of all other data points as marked (Bearman, 1969). 
For cylinder geometry, a set of guidelines was established from the work of Drescher (1956), 
Bearman (1969), Ritcher (1973), Achenbach & Heinecke (1981), Fox & West (1990) and West & Apelt 
(1993). Both cylinders were to have a low blockage ratio, a high aspect ratio and be hydraulically 
smooth with a relative roughness (k/d) less than 900 x 10-5 (where k is defined as the total height 
surface roughness). With these guidelines and Reynolds number set, the geometric properties of the 
cylinders were calculated and are summarised in Table 4-1. Confirmation of an accurate and 
nominally two-dimensional wake was achieved through analysis of the vortex shedding behaviour. 
Strouhal number (ST) was calculated via the below equation where f is the frequency of vortex 
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shedding, d the diameter of the respective cylinder and Velocity taken as the free-stream velocity at 
the cylinder. 
     
  
        
 
To determine the frequency of shedding a Fast Fourier Transform (FFT) using the estimation 
method of Welch (1967) was performed. As one would expect the most prominent spectral peak 
was seen within the V (horizontal) velocity component and thus all Strouhal number calculations 
utilised this flow parameter. Once the FFT was performed a simple maximum search function was 
used to determine the peak frequency. In both experiments the spectral peak was well above the 
background disturbances and yielded the expected Strouhal number. Overall the wake behaviour in 
both windtunnels was validated and the presence of a vortex street with the correct temporal 
parameters identified. A weak three-dimensionality was identified in both wakes and is discussed 
with the validation procedure in Appendix A. 2. The geometric properties and Strouhal number 
results are condensed in Table 4-1. 
Cylinder Diameter, d 
(mm) 
Relative 
roughness 
(k/d) 
Aspect 
ratio 
Blockage 
ratio (d/b) 
Test 
Reynolds 
number 
Strouhal 
number 
(X/d=4.5) 
Control  126 475 x 10-5 15.9 1/24 50,000 0.193 
Contraction  126 475 x 10-5 16.9 1/22 50,000 0.191 
Table 4-1 – Geometric properties and Strouhal number of both experiments. 
The wake was interrogated using longitudinal point measurements and transverse flow maps; 
the former allowed the influence of the contraction on wake decay to be determined while the latter 
assessed geometrical changes in the wake. Longitudinal measurements were made along the 
centreline of the wind tunnel thus removing any wall influence that might be present. The range and 
distribution of these points was determined by a series of factors; the lower limit of the range was 
set by the contraction experiment, which had to be large enough to allow the wake to pass through 
the contraction, into the test section and afford some settling distance. The upper limit of the range 
was set by the control experiment which was bounded by the length of the test section itself, 
ultimately a test range of 0 ≤ X/d ≤ 37 was determined (Figure 4-2). The closest measurement 
position to the rear of the cylinder was set by equipment limitations and wake properties; ‘good 
data’ percentage measured by the Cobra probe is presented in Figure 4-4. Accordingly wake 
measurements taken at X/d = 2 were truncated from the following discussion due to the uncertainty 
of these data and hence the minimum measurement distance was X/d = 4.5. The remaining points 
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that contained ‘bad’ samples were handled in such a manner that the validity of the final results was 
not degraded; this procedure was detailed in Section 2.4.4 . The final distribution of longitudinal 
measurement points were X/d = [4.5, 7, 12, 17, 22, 27, 32, 37] with repeats at X/d = [7, 22, 37]. 
Given the nominally two-dimensional nature of the wake and an emphasis on longitudinal wake 
characterisation, only one transverse flow map was recorded at X/d = 37 as per Figure 4-2.  
 
Figure 4-4 – Percentage ‘good data’ for the control and contraction experiments as estimated by the Cobra 
probe. 
Finally the calibration procedure for both experiments was identical apart from the local 
velocity measurement position. A calibrated Cobra probe was used to measure the local velocity and 
mounted so the head was located at the virtual centre of the respective cylinder. The wind-tunnel 
was then set so the local flow speed would yield a cylinder Reynolds number of 50,000. These 
measurements were repeated using a pitot-static tube in the same fashion with negligible variation 
found between the results.  
4.1.2  Longitudinal Wake Measurements 
The longitudinal characterisation of the contraction influence was given priority in this research 
based on the significant longitudinal development present for the Formula 1 wake. The contractions 
influence was found to affect all measured parameters baring Strouhal number, however these 
changes varied depending on the parameter of interest with the greatest insights provided through 
analysis of the turbulence properties. Plots in this section were overlayed with the AWT contraction 
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geometry to allow easier identification of the contractions’ limits and its relation to the 
measurement points. Where plots contain both control and contraction data this overlay only 
applies to the latter. Repeat measurements were used to calculate the 95% confidence intervals 
which, for all measured flow parameters, represented an area smaller than the data markers. As 
such these error bars were not plotted for clarity.  
4.1.2.1  Mean Velocity Data 
Initially the contractions influence on mean wake properties was considered, to discern this 
velocity ratio was plotted for both experiments against downstream position as shown in Figure 4-5. 
Velocity was non-dimensionalised using local calibration velocities which were taken without the 
respective cylinder installed. Therefore Figure 4-5 represents the ratio between the wake and the 
freestream velocities; any value below 1 indicates the presence of a velocity deficit while the 
maximum value of 1 shows equality. 
 
Figure 4-5 – Mean wake Velocity normalised by mean calibration Velocity for both experiments. 
The control results showed an almost linearly increasing velocity ratio with downstream 
position, behaviour consistent with typical longitudinal wake development. In contrast the 
contraction results showed a more rapid increase in velocity ratio; divergence between the 
experiments occurred downstream of X/d = 7 with the contraction results reaching approximate 
unity at X/d = 22 which was then maintained over the remaining test range. At X/d = 22 the static 
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pressure gradient induced by the contraction was still present, indicating the velocity recovery of 
AWT contraction was actually greater than that demonstrated through these results. The feed-
forward influence of the contraction is also apparent with velocity deficit at X/d = 4.5 not matching 
between the experiments. An inherent result of generating a wake in this fashion is that the static 
pressure gradient of the control and contraction experiments was vastly different. Measurements 
taken in clean tunnel configurations (that is with no cylinder) are plotted in Figure 4-6 and highlight 
the difference in gradient between the experiments. Of particular importance is that in proximity to 
the cylinder; between X/d = [2:7] the measured pressure gradient  
    
  
  was -1.6x10-4 for the 
control data and -3.7x10-2 for the contraction. This favourable pressure gradient is an unavoidable 
consequence when generating a wake in the settling chamber given the contractions influence is 
well known to extend upstream to distances equalling the contraction length itself (Morel, 1975 and 
Mikhail, 1979). As a result the cylinder wake was marginally influenced with a slightly reduced 
velocity deficit for the contraction results and a small increase in good data as per Figure 4-4.  
 
Figure 4-6 – Static pressure coefficient for both experiments with no cylinder installed. 
It can be reasoned that to maintain a velocity deficit after a wake has passed through a 
contraction, a significant velocity deficit (>>25%) must be present upstream. This reduction in 
velocity deficit of course depends upon contraction geometry and particularly the contraction ratio, 
with wind tunnels featuring smaller ζ values more likely to minimise the reduction in velocity deficit. 
This influence over pressure and velocity terms has been understood and demonstrated by previous 
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researchers (Morel, 1975, Mikhail, 1979, Barlow, Rae & Pope, 1999 etc.) as such statistical and 
energy based parameters were the primary metrics in this research.  
4.1.2.2  Vortex Shedding Data 
Strouhal Number results are plotted as a function of downstream distance shown in Figure 4-7 
and Figure 4-8. Ultimately the differences in Strouhal number with downstream distance for either 
experiment were not significant, with the measured Strouhal number at all positions within the 
expected range. 
 
Figure 4-7 – Strouhal number variation for the control experiment. 
For the control results measurement position was anticipated to have little impact on Strouhal 
number given the excellent agreement reported in the literature, despite different measurement 
positions (Ribner & Etkin (1958), Roshko (1967), Bearman (1969), Achenbach & Heinecke (1981) etc). 
Likewise the strain field induced by the contraction was expected to have little influence on vortex 
shedding frequency within an established wake and indeed this was the case.  On the surface the 
spread displayed in Figure 4-7 and Figure 4-8 may seem quite large however the trend matches 
published data quite well (see Figure 4-3). Variation and repeatability was very similar between the 
experiments; considering the control data, repeatability showed a maximum variation of 0.4%, the 
total spread was 2.7% and the maximum difference between neighbouring data points was 1.7%. 
Similarly the contraction data displayed excellent repeatability with 0.3% variation however there 
was a greater degree of spread for all data points with a peak variation of 1.9% and a maximum 
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difference between neighbouring data points of 1.7%. Assuming the worst case scenario and taking 
the error of the experiment to be 2.7%, then all data points lie within the range of ST = 0.19 ±0.005 
which corresponds to the expected range identified in the literature.  As such it can be stated that 
with experimental uncertainties taken into account, Strouhal number remained constant over the 
test range.  
 
Figure 4-8 – Strouhal number variation for the contraction experiment. 
Considering the spectral response of the v velocity component, the fundamental frequency of 
vortex shedding proved insensitive to both downstream position and the strain field induced by the 
contraction (Figure 4-9 and Figure 4-10). The third order harmonic present in both results was 
investigated and found to be due to a weakly three-dimensional wake at the closest measurement 
positions, this departure from a purely two-dimensional flow was reproduced in each experiment 
and did not influence the results (refer to Appendix A. 2 for greater detail). Although the 
fundamental frequency of vortex shedding was consistent for all data points, the contraction did 
influence the total energy within the wake. The energy of the v component, as represented by the 
area under the respective curves, was seen to be higher for the wake passed through the 
contraction (Figure 4-11). To account for this effect while maintaining an energy balance, the 
contraction must transfer energy between velocity components. This relationship has been observed 
by previous authors although it must be considered that while energy transfer between components 
does occur, the total energy within the flow must decrease if only due to the effects of viscosity 
(Uberoi, 1956). To investigate this influence further, analysis of the turbulent energy was considered.  
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Figure 4-9 – v component velocity spectrum for the control experiment. 
 
Figure 4-10 – v component velocity spectrum for the contraction experiment. 
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Figure 4-11 – v component velocity spectrums at a distance of X/d = 37. 
4.1.2.3  Turbulence Data 
To provide an overview of the contractions effect, analysis of the turbulence intensities is 
presented first. Considering Iuvw plotted in Figure 4-12, the control results show a slow decay in Iuvw 
with downstream position that is typical of wake diffusion while the contraction results showed an 
increased decay rate; downstream of X/d = 7 the turbulence drops quite rapidly as the flow passes 
through the contraction followed by a roll off and stabilisation at approximately 3.2%. This is 
considerably higher than the freestream turbulence of the AWT, showing that wake turbulence, 
unlike velocity deficit, was not completely suppressed by the contraction. 
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Figure 4-12 – Iuvw data for both experiments as a function of downstream distance. 
As was the case with pressure based data, overall turbulence intensity did not match at X/d = 
4.5. Similarly the favourable pressure gradient ahead of the contraction was deemed responsible; at 
X/d = 2, where the gross influence of the wake would be expected to overcome the measured 
pressure gradient, turbulence intensities were within 1% between the experiments, although these 
data were truncated from the discussion due to possible sampling concerns. Furthermore although 
freestream flow quality did differ between the AWT and IWT such minimal differences have been 
shown to have a negligible influence on cylinder wakes (Zdravkovich, 1990). Given the high degree of 
care taken to ensure the experiments were replicates of one another the disagreement between 
data at X/d = 4.5 was determined to be a result of the contractions influence.  
The most significant influence of the contraction is better highlighted by considering the 
directional flow components. From the control results in Figure 4-13 it can be seen between X/d = 
[4.5:7] Iuu is initially less than Iuvw but with downstream movement this relationship reverses, the two 
quantities reach parity at approximately X/d = 12 and over the remaining test range Iuu exceeds Iuvw. 
In contrast the contraction results show Iuu is consistently less than Iuvw demonstrating a streamwise 
suppression of turbulence by the contraction (Figure 4-14).  
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Figure 4-13 – Streamwise and overall turbulence intensity for the control experiment. 
 
Figure 4-14 – Streamwise and overall turbulence intensity for the contraction experiment. 
While streamwise suppression was clearly present, the transverse components were actually 
amplified by the contraction as shown in Figure 4-15 and Figure 4-16. Below X/d = 22, where the 
straining influence becomes apparent, the distribution of Ivv and Iww relative to Iuvw is shared between 
the experiments albeit with different magnitudes due to the favourable pressure gradient present 
for the contraction configuration. From X/d = 22 onwards the influence of the contraction becomes 
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evident; for the control results Ivv and Iww decay, converge and simultaneously drop below the level 
of Iuvw with this union occurring at approximately X/d = 32. Conversely results from the contraction 
experiment show an increased rate of convergence between Ivv and Iww, in this case all components 
decayed below the magnitude recorded for the control experiment however once the flow exited 
the contraction this decay stabilised with very similar readings between X/d = [27:37]. For the 
contraction experiment Ivv, Iww and Iuvw were much closer to equality, and while this cannot be 
explicitly termed two-component turbulence due to the reasonable quantity of Iuu present, the 
contraction has clearly forced the transverse components toward equality much sooner than would 
otherwise occur. Furthermore, although hard to discern, the contraction results indicate that the 
transverse components have been amplified relative to Iuvw. This directional selectivity was more 
clearly displayed through turbulent stress data.  
 
Figure 4-15 – Iuvw, Ivv and Iww turbulence intensity for the control experiment. 
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Figure 4-16 – Iuvw, Ivv and Iww turbulence intensity for the contraction experiment. 
The component turbulent stresses (u’2, v’2 and w’2) were normalised using respective readings 
from the first measurement position (X/d = 4.5) and plotted as a function downstream distance; 
streamwise stress is shown in Figure 4-17, while horizontal and vertical are seen in Figure 4-18 and 
Figure 4-19 respectively. Control data showed a parabolic-like decay that was consistent irrespective 
of the stress component although a quantitative disagreement was apparent highlighting the 
cylinder wake was not isotropic. By comparison the contraction data shows that the streamwise 
stress was suppressed with a clear feed-forward effect present while the transverse components 
were amplified but only after the wake had entered the contraction (X/d = 17). Peak straining effects 
were seen within the contraction with stress values beginning to converge between the control and 
contraction data downstream of X/d = 27. This behaviour agrees with the literature detailing the 
influence of a strain field on mesh and grid generated turbulence that has passed along the 
centreline of a contraction. In this case the behaviour of directional selectivity is well established 
with the experimental work of Uberoi (1956) and Ertunç & Durst (2008) demonstrating that the 
streamwise turbulent kinetic energy is suppressed while the lateral components are increased. The 
computational and empirical research of Jang et al. (2011) furthered this understanding with the 
results of all three studies presented in Figure 4-20; here turbulent stresses are plotted on the 
vertical axis and mean streamwise velocity on the horizontal and both are normalised by their 
respective quantities taken at the contraction inlet. The transverse flow components were recorded 
in the polar coordinate system and for the turbulence studied, the azimuthal and radial components 
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were identical on the centreline requiring only one (the radial) to be plotted. DNS simulations are 
shown with dashed and solid lines while empirical results are plotted as discrete points. The 
streamwise stress (Figure 4-20a) decreases rapidly as the bulk velocity increases, that is as the flow 
moves through the contraction, whereas the inverse is true for radial stress which increases with 
bulk velocity (Figure 4-20b).  
 
Figure 4-17 – Normalised streamwise turbulent stress as a function of downstream distance for both 
experiments. 
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Figure 4-18 – Normalised horizontal turbulent stress as a function of downstream distance for both 
experiments. 
 
Figure 4-19 – Normalised vertical turbulent stress as a function of downstream distance for both experiments. 
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Figure 4-20 – (a) Changes in relative streamwise turbulent stress and (b) relative radial turbulent stress based 
on relative velocity for flow moving along the centreline, from Jang et al. (2011). 
The experimental conditions for the data presented in Figure 4-20 varied significantly between 
the authors; results from Uberoi (1956) were for mesh-generated turbulence passing through an 
axisymmetric square contraction with ζ = 4, while Ertunç & Durst (2008) measured mesh-generated 
turbulence using an axisymmetric contraction with ζ = 14.75 and Jang et al. (2011) measured fully 
developed pipe flow through an axisymmetric contraction with ζ = 8. Reynolds number and its 
definition also varied between the authors, however as is common with fundamental turbulence 
research the mean flow speeds were quite low ranging between 1 – 3m/s. The agreement between 
these studies and the research presented here indicates that the contractions influence for flow 
moving along the centreline is universal; turbulent stresses are suppressed in the streamwise 
direction while those in the transverse are amplified.  
However there were two key disagreements between the literature and the results presented 
here. The amplification of the transverse stress components observed for the cylinder wake were 
relative to the control data and did not exceed the stress level at the first measurement position. In 
contrast the work Uberoi (1956), Ertunç & Durst (2008) and Jang et al. (2011) showed mesh and grid 
generated turbulence underwent a gross amplification with the transverse components exceeding 
unity. This disparity was due to the different types of turbulence under consideration; wake 
turbulence studied in this thesis was characterised by rapid longitudinal development with 
significant decay whereas the mesh and grid generated turbulence used in the literature was well 
developed and longitudinally stable. The second difference was the unequal amplification of the 
transverse stresses as seen for the horizontal (Figure 4-18) and vertical components (Figure 4-19). 
Given measurements were recorded along the centreline this amplification should be equal as 
demonstrated by the work of Uberoi (1956), Ertunç & Durst (2008) and Jang et al. (2011). However 
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this was not the case with the relative amplification of w’2 greater than that of v’2, this inequality 
was most likely due to the non axisymmetric design of the AWT contraction and was not 
investigated further in this research.  
Further consideration was given to energy parameters which highlighted the suppression and 
amplification exhibited by the contraction occurred within a strict energy balance. Figure 4-21 shows 
the total turbulent kinetic energy          
     
     
     normalised by reference Velocity at 
the cylinder squared. Downstream of X/d = 17 K is relatively constant for the contraction data 
indicating that the energy loss of the streamwise component is very similar to the energy gain of the 
transverse components. By calculating the energy partition parameter        
      
     
     a 
measure of the relative contribution of the streamwise and transverse components to the overall 
kinetic energy can also be determined (Figure 4-22). This parameter more clearly highlights the 
straining effect of the contraction to reduce streamwise energy contribution and further confirms 
the characteristic feed-forward effect at X/d = 12. The slight reduction of K downstream of X/d = 27 
and the matching increases in K* downstream of X/d = 27 indicated the contractions influence was 
not persistent and as such energy transfer behaviour would return to an unstrained relationship 
once the flow has exited the contraction. Figure 4-21 also highlights the total turbulent energy was 
greater for the control owing to the favourable pressure gradient present in the contraction 
experiment, however the agreement in K* between X/d = [4.5:7] demonstrates the relative energy 
distribution between the three orthogonal components was equal providing further confidence in 
the experimental procedure.  
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Figure 4-21 – Turbulent kinetic energy based on mean reference velocity as a function of downstream distance 
for both experiments. 
 
Figure 4-22 – Energy partition parameter as a function of downstream distance for both experiments.  
4.1.2.4  Virtual Distance  
The longitudinal development of a turbulent wake is normally described, in-part, by the physical 
distance the wake has travelled, however in this research such a characterisation is not entirely 
accurate as the contraction had altered the wake characteristics. An alternative method for 
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calculating the longitudinal development was needed and ideally this would be expressed in terms 
of an unstrained identical wake. It was proposed that the longitudinal distance a wake has travelled 
through a contraction could be expressed as a multiple or fraction of the distance travelled by an 
identical unstrained wake. This idea was termed virtual distance as it postulates the contractions 
influence can be thought to change the effective longitudinal distance travelled by the wake rather 
than changing the wake itself. Of course the contraction alters each flow parameter differently and 
thus a range of virtual distances exist, nonetheless such a characterisation would have applications 
in wake studies as a method for increasing the spacing between a wake generator and the test 
article. 
Virtual distance was quantitatively assessed for the AWT using data from the cylinder 
experiments with the results for wake velocity deficit and overall turbulence intensity plotted in 
Figure 4-23 while the dotted line represents a relationship of equality; as both virtual distance lines 
lie below the dotted line it can be seen that the AWT contraction in effect increases the distance 
travelled by the cylinder wake.   
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Figure 4-23 – Virtual distance in the AWT calculated for equal mean velocity and overall turbulence intensity. 
To calculate virtual distances for the AWT, surrogate models were fitted to the control and 
contraction data; one surrogate was required for each flow parameter with 4th order polynomials 
used. These models were then assessed in two ways; the surrogate for the control data was set 
equal to the empirical measurements for the contraction data and solved with these results 
represented by discrete data points. Secondly the surrogates for both experiments were set as an 
equality and solved with these results represented by continuous lines. For both approaches only 
real mathematical solutions were considered, discarding imaginary solutions, and forecasting 
beyond the downstream range of the empirical data sets was not performed. The method for 
determining the line behaviour was not as well conditioned given its reliance on surrogate models 
alone; the slight inaccuracies introduced with this approach presented as the lines not passing 
through the mid-points of all data markers in Figure 4-23 and Figure 4-24. 
The results for velocity deficit and overall turbulence intensity shown in Figure 4-23 
demonstrate the contraction’s influence over pressure based parameters is greater than that over 
turbulence parameters. As such the generation of wakes upstream of a contraction could prove 
limited to large downstream spacings or far wake studies if pressure based parameters are the 
priority. Turbulence parameters, being less affected, are possibly better suited to the 
characterisation of virtual distance although directional selectivity was apparent as shown in Figure 
4-24. Consistent with all previous results Iuu was the most affected by the contraction while Ivv and 
Iww were affected similarly but to a lesser extent. 
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Figure 4-24 – Virtual distance in the AWT calculated for equal turbulence intensity for all three components. 
Ideally the analysis of virtual distance would show the influence throughout the contraction 
although in this instance analysis was limited by the number of longitudinal data points in the 
control experiment. However the behaviour in Figure 4-23 and Figure 4-24 can be conceptually 
extended using the findings of the previous sections, namely the contractions influence with 
downstream position was finite with peak straining seen at X/d = 27 and no straining extending 
beyond the downstream geometric limit as evidenced by the turbulent stress plots. The theorised 
behaviour is shown graphically in Figure 4-25; the parabolic nature of the virtual distance lines would 
likely continue up until the limit of the contraction’s straining influence and past this point the flow 
would normalise with development following an unstrained behaviour. When the energy diffusion 
rate in the flow reaches control levels the virtual distance line would maintain a constant gradient of 
1.  
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Figure 4-25 – Theorised virtual distance behaviour for velocity deficit and turbulence intensities in the AWT. 
For wake studies virtual distance provides a corrected measure of longitudinal distance based 
upon an unstrained identical wake. The requirement for such a characterisation will be explored in 
subsequent sections. Bulk velocity is an alternative characterisation that may prove more suitable 
for generalised fluid mechanics with virtual distance more specialised towards wake studies. Virtual 
distance is also intrinsic to each wind tunnel and a function of the turbulence under consideration, 
the influence of contraction ratio and the distribution of turbulence within the spectral domain 
would also be determining factors; however these were not considered in this research.  
4.1.3  Transverse wake measurements 
While the longitudinal influence of the contraction was well characterised through point-wise 
measurements, this did not inform on the changes to wake dimensions. This was instead answered 
by taking a transverse flow map at X/d = 37 for both experiments allowing comparative analysis. As 
discussed in the previous section, velocity deficit was all but removed from the wake by the 
contraction thereby preventing the assessment of wake dimensions using pressure based 
parameters. As such only maps for statistical based parameters, i.e. turbulence, are presented in this 
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section. Overall turbulence intensity (Iuvw) was the primary metric and while component turbulence 
followed the same trends these maps are located in Appendix D. 3 for brevity. Quantitatively the 
flow maps followed the behaviour reported for point-wise measurements; the contraction 
suppressed the magnitude of Iuvw by simultaneously suppressing the streamwise intensity while 
amplifying the transverse. However for the transverse flow maps it was not only the influence of the 
strain field that must be accounted for but also reduction in cross-sectional area between the 
settling chamber and test section. To do this, the axes of the maps were scaled by the length ratio of 
the settling chamber to test section of the AWT; the Y axis being scaled by 2.00 and the Z by 1.98 as 
per Figure 2-8. In essence this reduced the diameter of the cylinder, which was denoted as d*, and 
allowed direct comparison of flow maps between the experiments.  
 
Figure 4-26 – Overall turbulence intensity distribution at X/d = 37 for the control experiment.  
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Figure 4-27 – Overall turbulence intensity distribution at X/d = 37 for the contraction experiment. 
The growth of a cylinder wake depends on Reynolds number and freestream turbulence, in this 
research the former was high while the scale of the latter was much smaller than the wake itself. 
Eames et al. (2011) determined in this case the wake grows diffusively and, as expected, the control 
results of Figure 4-26 match the established behaviour well. By comparison, the contraction map of 
Figure 4-27 matches quite well with the majority of turbulence within 5 diameters either side of the 
centreline. Taking a section through each map at Z/d(*) = 0 allows this comparison to be more readily 
investigated (Figure 4-28); for the contraction results wake width is slightly greater than the control.  
As highlighted by the longitudinal turbulent behaviour (Section 4.1.2.3 ) the composition of the wake 
was altered by the contraction and thus it stands to reason the wake geometry would also be 
altered. Given the majority of turbulence lay within the Ivv component, which was amplified by the 
contraction, the increase wake width it most likely due to the directional selectively exhibited by the 
contraction. Determining if this conclusion, and thereby the scale factors used, was correct could not 
be made with this data set in isolation and was explored further using the Formula 1 experiment.  
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Figure 4-28 – Cross-section of normalised turbulence intensity for both experiments at Z/d
(*)
 = 0. 
4.2  Formula 1 Wake Experiment 
As a proof of concept for generating discrete wake profiles upstream of a contraction, the 
Formula 1 wake discussed in Chapter 3 was generated in the settling chamber of the AWT and 
transversely mapped at one location within the test section. Using the findings of the cylinder 
experiments and comparative analysis to the unstrained Formula 1 wake discussed in Chapter 3, the 
real-world efficacy of this methodology was explored. As experimentation was carried out in the 
AWT rather than the IWT used in Chapter 3, the experimental apparatus was slightly different, 
however the Formula 1 model remained unchanged. 
4.2.1  Experimental Design 
The Formula 1 model was placed on the floor of the settling chamber so the wake would remain 
in close proximity to the wall; thereby replicating the usual testing procedure where a vehicle is 
located on the test section floor. To lessen the impact of the boundary layer within the test section, 
a new thin smooth floor was used with the leading edge blended into the contraction so no 
transition step was present. Blockage effects were expected to be minimal with a solid blockage 
ratio of 2.4% (model to settling chamber area); less than the IWT ratio and well within acceptable 
limits (Barlow, Rae & Pope, 1999). Longitudinally the model was placed downstream of but as close 
to the settling chamber screens as reasonable using the static configuration discussed in Section 
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2.2.1.3  with the exception that the four wheel posts were attached directly to the settling chamber 
floor rather than a sting. 
 
Figure 4-29 – Contraction experiment setup showing the distances of between vehicle and measurement 
plane; green line is geometric distance (X/ℓ = 2.27) while indigo shows path distance (X/ℓ = 2.30), drawn to 
scale, dimensions in millimetres. 
The position of the measurement plane shown in Figure 4-29 was one hydraulic radius 
downstream of the test section start as suggested by Barlow, Rae & Pope (1999). This allows the 
flow exiting the contraction time to normalise and therefore this position usually represents the 
start of the usable test section and the fore most point of any test article. The distance between the 
rear most point of the model and the measurement plane varied depending upon the standard used 
to define it. Virtual distance would provide the most representative measure however this was 
unknown given this parameter is intrinsic to the wake under consideration, as such the physical 
distance taken by the fluid element, path distance, was instead chosen. To calculate path distance 
height, width and chamfer measurements were taken at several longitudinal positions through the 
contraction with the structure treated as symmetrical about the vertical and horizontal axis. These 
measurements were then used to build a partial model of the wind tunnel in CAD software, including 
settling chamber, test section and the contraction. Finally given path distance varies three 
dimensionally, the standard used in this research was to calculate the path taken by a fluid element 
released at mid-height of the model and on the centreline. This yielded a path distance of X/ℓ = 2.30 
in comparison to the longitudinal distance of X/ℓ = 2.26 (Figure 4-29), for all subsequent discussions 
the distance between the Formula 1 model and measurement plane is that of path distance.  
The velocity within the settling chamber was calibrated using a pitot-static tube located on the 
centreline and at a longitudinal position aligned to the mid-point of the model. The Reynolds 
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number that could be achieved with the Formula 1 model in this position was limited by the working 
velocity range of the AWT with values as high as the IWT experiments not possible. The maximum 
working speed of the AWT was 44.7m/s which gave a settling chamber velocity of 11.5m/s and a 
vehicle Reynolds number of 1.0x106. This is 60% lower than the minimum used in the IWT 
experiments however, even if the working velocity of the AWT was not a limitation the working 
range of the Cobra probes would have been; during wake measurements at the maximum working 
speed a peak velocity of 48.3m/s was recorded, this is only slightly below the upper limit of the 
Cobra probe (50m/s; Mousley, 2006). Thus testing was performed at the maximum test section 
speed resulting in a vehicle Reynolds number of 1.0x106. As shown in Figure 4-30 lift and drag 
independence from Reynolds number is not completely achieved at this value and thus this 
condition, strictly speaking, could be considered as sub-critical. However force variances above this 
Reynolds number were found to be minimal; between 106 and 3.3x106 there is only a 3.5% change in 
lift and a 2.5% change drag coefficient. In terms of the aerodynamic coefficients, the difference 
between the IWT and AWT experiments was relatively minor. Therefore it is reasonable to postulate 
the mean wake profiles would be similar and thus direct comparisons between the two experiments 
will yield valid conclusions. 
 
Figure 4-30 – CL and CD versus Reynolds number indicating the difference between IWT and AWT vehicle test. 
Decisions upon the mapping grid and the experimental procedure were similar to wake tests of 
Chapter 3; an initial measurement grid was first performed and results plotted to approximate 
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vortex cores locations, these areas were then subject to further detailed measurements to better 
capture the loss cores. The final mapping grid can be seen in Appendix D. 4. 
Although not directly explored in this research, as a product of the experimental design, wall 
influence would be present for the Formula 1 experiment. Proximity to the wall is known to alter the 
contractions influence as outlined by Jang et al. (2011) who determined two main areas exist each 
with different suppression/amplification mechanisms. When in close proximity to the contractions 
walls, the wall-normal stress was suppressed with the majority of turbulent kinetic energy 
distributed in the streamwise direction. However when displaced from the wall the streamwise 
stress was suppressed while amplifying the transverse stresses (i.e. the centreline behaviour 
discussed at length in Section 4.1 ). This behaviour yields three regions within the contraction; the 
near-wall region where turbulence is primarily within the streamwise direction, the core region 
where disturbances tend towards two-component turbulence (that is in the transverse plane) and an 
intermediate area between these two regions. Figure 4-31 (Jang et al. 2011) shows a visualisation of 
these regions for an axisymmetric pipe contraction, note that this representation is for illustrative 
purposes and not dimensionally accurate.  
 
Figure 4-31 – Visualisation of a contraction regions of turbulence influence, generated using the results Jang et 
al. (2011). 
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Through DNS simulations Jang et al. (2011) determined that the magnitude of suppression and 
amplification was also dependent upon contraction ratio; as contraction ratio increased so did the 
magnitudes of amplification and suppression. For ζ = 2 the amplification of the streamwise intensity 
in the near wall region was relatively weak while turbulence in the core region showed values 
analogous to those at the inlet. However data for ζ = 4 and 8 showed far greater changes to the flow; 
in the near-wall region a strong streamwise amplification was present while the core region showed 
an amplification of transverse stress and suppression of the streamwise stress. Given the salient 
features of the Formula 1 wake were displaced from the wall and the AWT ζ of 3.7, the influence of 
wall proximity was expected to be minimised.  
4.2.2  Wake Composition 
In this section comparisons will frequently be drawn between the wake results of the AWT and 
those measured in the IWT (Chapter 3). For clarity the latter will be referred to as the control results 
while the former will be termed the contraction results. Any direct or mathematical comparisons 
that were made did so using the stationary wheel maps described in Section 3.3 . Contour maps 
were non-dimensionalised and featured a scaled vehicle overlay; this scaling used the respective 
geometrical ratios determined for the cylinder experiments (Section 4.1.3 ). 
4.2.2.1  Mean Velocity Data 
As was the case with the cylinder experiments, velocity deficit was all but removed from the 
Formula 1 wake. For Velocity a relatively homogeneous flow field was recorded with the contour 
plot (Figure 4-32) showing only slight areas of deficit. When excluding the boundary layer the 
quantitative variation across the map was no more than 3% and thus was not significant; deviation 
on the same order was present for a clean tunnel. Similarly the boundary layer present was intrinsic 
to the AWT and not due to the vehicle. Both these features are present in the calibration contours 
(See Section 2.1.3.1 ) which were taken at the same position but in a clean configuration (i.e. only 
the traverse and probe were present).  
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Figure 4-32 – Normalised Velocity distribution at X/ℓ = 2.3 in the AWT. 
Given the significant pressure recovery demonstrated for the strained cylinder wake, the 
majority of this velocity recovery was reasoned to be due to the contraction. Nevertheless the rate 
of diffusion for the Formula 1 control wake was quite rapid as evidenced by Figure 4-33; a plot of 
minimum overall velocity within the vehicle wake as a function of longitudinal distance for both the 
control and contraction experiments. The boundary layer was omitted from these calculations in an 
attempt to ensure the result was not wind tunnel centric, the same process as that discussed in 
Chapter 3.   
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Figure 4-33 – Minimum normalised Velocity within the wake as a function of longitudinal distance for the 
control and contraction experiments. 
The contraction undoubtedly altered velocity deficit within the wake, however the longitudinal 
development of the control data was such that the contractions effect not did not appear to 
influence minimum wake Velocity. Considering Figure 4-33, if extrapolating the control behaviour 
downstream the minimum overall velocity within the wake would approach unity, and although 
forecasting the control data out to such a distance is tenuous, through visually inspection it can be 
reasoned that this would occur at some point downstream of X/ℓ = 2. From a practical standpoint 
the contractions influence upon overall velocity was negated by interrogating the flow at a position 
where velocity deficit for the control wake would already be approaching zero.  
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Figure 4-34 – Normalised component velocity contours at X/ℓ = 2.3 in the AWT. 
Although the contractions influence on overall velocity was negated, directional selectivity 
remained. Of the three orthogonal components, streamwise velocity (U) was the greatest 
constituent of Velocity for the control results and thus was significantly altered by the contraction; 
velocity deficit was all but removed for the U contour (Figure 4-34) however a weak but discernible 
wake pattern that matched that of the control contour at X/ℓ = 1 remained (Figure 4-35). Similarly 
the transverse components were reduced in magnitude but qualitative behaviour matched the 
control contours; for the contraction results the V component had a range of [-5 : 4] percent of the 
freestream and the W component a range of [-2 : 12] percent. In comparison the control data had a 
range of [-15 : 15] percent for V and [-10 : 25] percent. These contours, combined with the 
secondary vectors, show that the cross-flow generated by the rear wing vortices was still present 
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despite passing through the contraction. Correlation coefficients were calculated to further 
understand this behaviour using the same method as that discussed in Chapter 3, this data is 
summarised in Table 4-2. The most significant change was between Velocity and the W which was 
altered from a weak negative correlation to no correlation. This difference was actually due to the 
contractions effect on U as confirmed by the same relationship between this and W (last row of 
Table 4-2). Directional selectivity exerted by the contraction thus altered the internal relationship 
between flow parameters consistent with the cylinder experiments, however velocity behaviour as a 
whole broadly agreed with the control results when accounting for the increased longitudinal 
distance.  
 
Figure 4-35 – Normalised Velocity and component contours at X/ℓ = 1 in the IWT. 
Parameter Parameter IWT X/ℓ = 1 AWT X/ℓ = 2.3 
 
Velocity 
U 0.99 0.99 
V 0.04 0.16 
W -0.58 0.08 
U 
V 0.14 0.16 
W -0.62 0.04 
Table 4-2 – Velocity correlation coefficients for the control and contraction experiments. 
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4.2.2.2  Turbulence Data 
As demonstrated through the cylinder experiments, the influence of the contraction was most 
readily identified through the statistical and stress based wake parameters. The contour of Iuvw 
shows the wake results match reasonably well between the control and contraction data; as seen in 
Figure 4-36 there is an area of high intensity distributed relatively symmetrically about the centreline 
with the vortex cores located on the horizontal limits and approximately at the vertical mid-point 
point of the wake. The magnitude of Iuvw in the wake has been reduced but, when taking into 
account the additional downstream distance, the maximum value appears to agree quite well with 
the longitudinal trend of the control data shown in Figure 4-37. Directional selectivity was apparent 
for the component turbulences with the contours of Iuvw and Iuu in Figure 4-36 showing an almost 
identical distribution but with varying magnitudes; Iuu being approximately 50% that of Iuvw. This was 
in contrast to the control maps where Iuu magnitudes were at, or exceeded unity with Iuvw values 
(Figure 4-38). This was more clearly demonstrated in Figure 4-37 where maximum in-plane 
turbulence is plotted as a function of downstream location for both the control and contraction 
experiments. Passing the wake through the contraction suppressed the streamwise turbulence 
intensity yielding a different quantitative relationship between Iuu and Iuvw while retaining the 
qualitative connection. 
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Figure 4-36 – Turbulence intensity distribution at X/ℓ = 2.3 in the AWT. 
 183 
 
  
Figure 4-37 – Maximum turbulence intensity within the wake as a function of longitudinal distance for the 
control and contraction experiments. 
 
Figure 4-38 – Turbulence intensity contours at X/ℓ = 1 in the IWT. 
As a result of the reduced streamwise component, the transverse properties (Ivv and Iww) formed 
the majority of the turbulence in the wake as evidenced by the respective contours in Figure 4-36. 
The relative behaviour between transverse and overall turbulence maxima was unaffected by the 
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contraction with the control relationship maintained between X/ℓ = 1 and X/ℓ = 2.3 (Figure 4-39). 
The qualitative behaviour of Ivv and Iww was also very similar to the control results with the 
component contours (Figure 4-36) resembling the mushroom shaped wake characteristic of the 
results presented in Chapter 3. Furthermore peak values were recorded at approximately the same 
relative location; in the middle of the wake and slightly offset from the centreline (Z = 300mm and Y 
= 50mm). Both the peak locations and distribution of Iww and Ivv did vary from those seen within the 
control results, however these changes followed the recorded pattern of wake development 
between X/ℓ = [0.5 : 1]. 
 
Figure 4-39 – Maximum turbulence intensity within the wake as a function of longitudinal distance for the 
control and contraction experiments. 
Reduced correlation between the components resulted for all relationships, as seen for the 
summarised values in Table 4-3. The streamwise component was most affected with a 20% 
reduction while the transverse components showed a 4% and 8% reduction for Ivv and Iww 
respectively. As was the case for the velocity data, the contractions influence showed a strong 
directional selectivity and in particular a streamwise suppression. 
Parameter Parameter IWT X/ℓ = 1 AWT X/ℓ = 2.3 
 
Iuvw 
Iuu 0.99 0.79 
Ivv 0.98 0.94 
Iww 0.96 0.88 
Table 4-3 – Turbulence correlation coefficients for the control and contraction experiments. 
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Given the pertinent features of the Formula 1 wake were displaced from the wall, the changes 
in turbulent behaviour broadly agreed with that displayed for the cylinder experiments and the 
literature considering flows moving along the centreline of a contraction (Uberoi, 1956, Ertunç & 
Durst, 2008 and Jang et al., 2011). Suppression of the streamwise component was evident through 
the plots of maximum intensity with downstream position (Figure 4-36 and Figure 4-37) however the 
amplification of the transverse components was not as clear. For clarity the maximum in-plane 
turbulent stresses (u’2, v’2 and w’2) were plotted as a function of minimum wake velocity in a manner 
similar to that presented by Jang et al. (2011). Both axis were normalised by respective readings 
from the first measurement plane (X/ℓ = 0.5); contraction data taken in the AWT correspond to a 
bulk velocity of 1.9 while the control data lay between 1 and 1.4. The resulting plot shown in Figure 
4-40 shows the transverse components were amplified due to the contraction although not in equal 
magnitudes. As was the case for the cylinder results amplification of w’2 was favoured by the AWT 
with this reasoned due to the non axis-symmetric nature of the contraction and the un-isotropic 
nature of the wakes studied. Another key difference is the longitudinal development of the Formula 
1 wake and in particular the diffusion present. Despite these differences the general trends of the 
Formula 1 wake data are consistent with the literature and the cylinder experiments. The differences 
in amplification and suppression rates between these experiments and the literature indicate 
specifics of the contractions’ influence depend quite heavily upon experimental parameters such as 
nozzle geometry, the nature of the turbulence (homogenous, isotropic etc) and the longitudinal 
decay rate. 
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Figure 4-40 – Maximum in-plane turbulent stress variation with minimum in-plane wake velocity for the 
Formula 1 experiments. 
For the Formula 1 results the influence of wall proximity was not clearly displayed. The 
turbulent boundary layer present in the clean tunnel possible obscured the wake turbulence 
generated by the Formula 1 vehicle close to the wall as seen through Figure 4-41. Otherwise the 
findings of the Formula 1 experiment agreed well with the literature, it is therefore reasonable to 
postulate the wall proximity effect detailed by Jang et al. (2011) would hold for all turbulent flows 
passing through a contraction. However as noted by Goldstien & Durbin (1980) such wall effects are 
dependent on the scale of turbulence considered and thus for a highly turbulent wake featuring a 
range of length scales the extent of magnification/suppression due to wall proximity remains an 
open question. 
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Figure 4-41 – Iuvw contours at X/ℓ = 2.3 in the AWT, left clean tunnel, right with Formula 1 wake generator in 
settling chamber (vehicle overlay omitted). 
4.2.2.3  Wake Geometry  
Wake geometry was assessed using vortex core location and vorticity; given that vorticity was 
calculated as the curl of the transverse vector field, this was a geometry dependant parameter. To 
allow comparison with the data of Chapter 3, the vehicle wake maps were non-dimensionalised 
using the same method as that applied to the cylinder experiments. A horizontal and vertical scaling 
factor based off the settling chamber to test section ratio of the AWT was applied thereby scaling 
the size of the wake generator. This process showed promising results for the horizontal wake width 
of the cylinder experiment (Section 4.1.3 ) and likewise accounted well for the changes in horizontal 
vortex core locations; as seen in Figure 4-42 the horizontal core locations were constant for the 
control results and are only slightly greater at X/ℓ = 2.3. This slight expansion agrees with the 
cylinder findings suggesting the contraction stretched the wake horizontally, albeit marginally. In 
contrast the vertical core location was much greater after it had passed through the contraction, for 
a free vortex pair the vertical core positions move in the direction of the resultant flow at the 
centreline. This was seen for the control results with a slight vertical convection of the cores, 
however the contraction data was much higher than this trend suggested. This result was most likely 
due to the composition of the wake and the directional selectivity of the contraction; the over-
amplification of the W stress component (w’2) combined with the upwash in the wake likely 
distorted the wake in the vertical direction resulting in a seemingly higher than required vertical 
vortex core location. 
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Figure 4-42 – Horizontal vortex core locations with downstream position. 
 
Figure 4-43 – Vertical vortex core locations with downstream position. 
Considering vorticity (Figure 4-44), the contraction data shows a qualitative response that 
matches very well with the control results while quantitatively peak vorticity remains almost 
unchanged (Figure 4-45). Although forecasting the control data out to X/ℓ = 2.3 is tenuous at best, it 
appears the contraction data has maintained a higher level of vorticity than would occur for an 
unstrained wake. In this case the contractions ability to amplify the transverse flow components 
likely maintained a greater vorticity within the wake resulting in greater cross-flow and more vertical 
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advection than would otherwise occur. Based on these data and the concept of virtual distance, the 
wake generator could be modified to offset the influence of the contraction. In particular the vertical 
advection of the wake could possibly be reduced by reducing the height of the rear wing thereby 
lowering the vortex cores to better agree with the control behaviour. 
 
Figure 4-44 – Vorticity contour at X/ℓ = 2.3 in the AWT. 
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Figure 4-45 – Maximum and minimum normalised vorticity within the wake as a function of longitudinal 
distance. 
4.3  Chapter Summary and Conclusions 
In this chapter the results from an investigation into the influence of a wind tunnel contraction 
upon wake turbulence were presented. The key findings are as follows: 
 The influence of the contraction varied based on the flow parameter of interest. Pressure 
based quantities, such as velocity, were the most affected while turbulence parameters 
were less influenced. When compared to upstream values all measured velocity and 
turbulence parameters (with the exception of w’2 in the Formula 1 experiment) were 
attenuated after passing through the contraction but by different magnitudes. In contrast 
vortex shedding frequency and hence Strouhal number of the nominally two-dimensional 
cylinder wake were unaffected by the contraction. This was an expected result given the 
temporal flow properties were not envisioned to be affected by a strain field. 
 The contractions influence was directionally selective with streamwise velocity and 
turbulence components more affected than the transverse components. This was 
particularly apparent for turbulent stress; when compared to an analogous unstrained 
flow the streamwise component was suppressed while the transverse components were 
amplified. This mechanism of streamwise suppression and transverse amplification is 
complimentary with the contraction redistributing energy from the streamwise 
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component into the transverse components while maintaining almost constant total 
turbulent kinetic energy (with exception to viscous losses). Literature focusing on mesh 
and grid generated turbulence passing through an axisymmetric contraction were in good 
agreement with these findings given one exception; the literature has shown the 
contraction will amplify the transverse turbulent stresses above the inlet values, whereas 
this research showed these stresses were amplified but never exceed the inlet values, 
with the exception of w’2 in the Formula 1 experiment. The cause of this difference was 
the types of turbulence studied; the longitudinal decay rates of the cylinder and Formula 
1 wakes were high enough that the AWT contraction could not offset this loss and thus 
despite amplification the downstream stresses were always less than those at the inlet.  
 Generating a vehicle wake upstream of the contraction for the purpose of a drafting 
study is plausible but requires careful experimental design which ultimately would be 
dependant on the required flow characteristics of the wake and the contraction 
geometry. For instance if pressure based parameters were of interest,  experiments 
should be designed so that interrogation points consider areas of the flow where velocity 
deficit of the control wake is already approaching zero thereby offsetting the efficacy of 
the contraction to influence these parameters. 
 A methodology for calculating the changes a wake will experience was presented in the 
hopes this could be used for future research. This consisted of two processes, virtual 
distance for longitudinal changes and geometric scaling for transverse wake geometry. In 
the case of the former, rather than using the physical distance travelled it was considered 
the wake could be characterised based on how a singular flow parameter develops (such 
as Velocity or Iuvw). Comparing a parameter between a strained and unstrained wake 
allows longitudinal distance travelled by a wake through a contraction to be calculated 
based on how an identical unconstrained wake develops. This concept allowed the 
influence of a contraction to be thought of as altering the longitudinal distance the wake 
has travelled rather than altering the wake itself. Accordingly this hypothesis was termed 
virtual distance and its validity was confirmed through the cylinder experiments. 
Conversely changes in the transverse wake structure were simply accounted for by 
scaling the geometry by the respective ratio of settling chamber to test section height 
and width. This idea proved very promising but was not completely confirmed in the 
current research. Both these methods could be used to design a distorted wake 
generator that offsets the influence of the contraction.    
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Chapter 5   
Conclusions and Recommendations 
5.1  Conclusions 
The research questions stated at the start of this research were as follows: 
 What are the salient features of the wake flow behind an open-wheel racing car at 
spacings between ½ and 1 car length(s)? 
 What is the minimum complexity required in a wake generator to create such flows and 
how does the rear wing, wheels and ground movement, or lack thereof, influence the 
salient features? 
 What is the influence of a typical automotive wind-tunnel contraction on the salient 
features of such a vehicle wake?  
Conclusions for each experiment were given in the relevant chapters and are summarised 
below. 
5.1.1  Wake Flow behind an Open-Wheel Racing Car 
 While complex, the salient features of an open-wheel racing car wake were able to be 
deconstructed based on the vehicle components responsible; vorticity and turbulence 
intensity was primarily attributed to the rear wing while velocity deficit and ground 
upwash were due to the diffuser. Interaction between these flow sources created the 
characteristic wake of an open-wheel racing car reported by Bonis & Quagliotti, 1986, 
Wilson et al., 2008 and Newbon et al., 2015. 
 The longitudinal wake development was found to influence vorticity most with velocity 
deficit and turbulence intensity less affected; the peak longitudinal decay rate for 
Vorticity was approximately twice that of Velocity Deficit and Iuvw. In quantitative terms 
this indicated that no one flow parameter dominated wake decay.  
 The wake flow generated by an isolated rotating wheel over a stationary ground with a 
friction seal at the contact patch was analogous to a rotating wheel in contact with a 
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rolling road; at a spacing of X/d = 2.5 pressure and vorticity distributions were extremely 
similar to the literature as was the qualitative wake distribution.  
 The primary influence of wheel rotation on an open-wheel racing car wake between X/ℓ 
= [0.5 : 1] was to alter the distribution of velocity and turbulence intensity. This was a 
result of increased upwash and pressure recover produced by the diffuser; this strongly 
indicated that rear wheel rotation influenced the efficacy of diffuser.  
 The wake of an open-wheel racing car generated over a stationary ground plane with 
static wheels showed all the salient features of similar wakes produced in moving 
ground facilities (i.e. Bonis & Quagliotti, 1986, Wilson et al., 2008 and Newbon et al., 
2015). The boundary layer present in this research did influence the wake very close to 
the ground and as such the quantitative response was not modelled absolutely, 
however the qualitative data trends were reproduced. 
5.1.2  Wake Generation Upstream of a Contraction  
 The influence of the contraction varied based on the flow parameter of interest. 
Pressure based quantities, such as velocity, were the most affected while turbulence 
parameters were less influenced. When compared to upstream values all measured 
velocity and turbulence parameters (with the exception of w’2 in the Formula 1 
experiment) were attenuated after passing through the contraction but by different 
magnitudes. In contrast vortex shedding frequency and hence Strouhal number of the 
nominally two-dimensional cylinder wake were unaffected by the contraction. This was 
an expected result given the temporal flow properties were not envisioned to be 
affected by a strain field. 
 The contractions influence was directionally selective with streamwise velocity and 
turbulence components more affected than the transverse components. This was 
particularly apparent for turbulent stress; when compared to an analogous unstrained 
flow the streamwise component was suppressed while the transverse components were 
amplified. This mechanism of streamwise suppression and transverse amplification is 
complimentary with the contraction redistributing energy from the streamwise 
component into the transverse components while maintaining almost constant total 
turbulent kinetic energy (with exception to viscous losses). Literature focusing on mesh 
and grid generated turbulence passing through an axisymmetric contraction were in 
good agreement with these findings given one exception; the literature has shown the 
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contraction will amplify the transverse turbulent stresses above the inlet values, 
whereas this research showed these stresses were amplified but never exceed the inlet 
values, with the exception of w’2 in the Formula 1 experiment. The cause of this 
difference was the types of turbulence studied; the longitudinal decay rates of the 
cylinder and Formula 1 wakes were high enough that the AWT contraction could not 
offset this loss and thus despite amplification the downstream stresses were always less 
than those at the inlet.  
 Generating a vehicle wake upstream of the contraction for the purpose of a drafting 
study is plausible but requires careful experimental design which ultimately would be 
dependant on the required flow characteristics of the wake and the contraction 
geometry. For instance if pressure based parameters were of interest,  experiments 
should be designed so that interrogation points consider areas of the flow where 
velocity deficit of the control wake is already approaching zero thereby offsetting the 
efficacy of the contraction to influence these parameters. 
 A methodology for calculating the changes a wake will experience was presented in the 
hopes this could be used for future research. This consisted of two processes, virtual 
distance for longitudinal changes and geometric scaling for transverse wake geometry. 
In the case of the former, rather than using the physical distance travelled it was 
considered the wake could be characterised based on how a singular flow parameter 
develops (such as Velocity or Iuvw). Comparing a parameter between a strained and 
unstrained wake allows longitudinal distance travelled by a wake through a contraction 
to be calculated based on how an identical unconstrained wake develops. This concept 
allowed the influence of a contraction to be thought of as altering the longitudinal 
distance the wake has travelled rather than altering the wake itself. Accordingly this 
hypothesis was termed virtual distance and its validity was confirmed through the 
cylinder experiments. Conversely changes in the transverse wake structure were simply 
accounted for by scaling the geometry by the respective ratio of settling chamber to test 
section height and width. This idea proved very promising but was not completely 
confirmed in the current research. Both these methods could be used to design a 
distorted wake generator that offsets the influence of the contraction.   
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5.2  Discussion and Recommendations  
5.2.1  Wake Flow behind an Open-Wheel Racing Car 
Analysis of the wake generated by a generic Formula 1 racing car over the range X/ℓ = [0.5 : 1] 
identified the salient flow features and through sensitivity studies the vehicle components 
responsible. The separation of the wake in this manner gives confidence that an analogous flow field 
could be produced with a simplified wake generator that features only the key vehicle components 
(rear wing, diffuser and rear wheels/bluff body). Agreement between the results in this section and 
the literature detailing similar wakes generated in moving ground facilities also confirmed the 
validity of the static modelling technique; the qualitative behaviour of a wake produced with fixed 
wheels and floor was in good agreement with the literature while the quantitative differences could 
be managed with a suitably distorted model. In this case a static setup would be designed to mimic 
both the influence of a moving ground and wheel rotation. The former could be addressed by 
increasing the ride height by the displacement thickness and increasing the diffuser size, thereby 
offsetting the reduced underbody flow that occurs with static floor testing. As detailed in Chapter 3 
the primary influence of a rotating wheel was to increase the velocity deficit and upwash produced 
by the diffuser which consequently advected the rear wing vortex cores vertically. These changes 
could also be modelled with an increased diffuser and a higher rear wing. The use of a static wake 
generator in this way would yield a flow field much closer to that produced by a model with rotating 
wheels and moving ground without the complexity of these dynamic methods.  
One bound on the findings of this thesis was the wake interrogation method which used a series 
of discrete non-continuous measurements that yielded time-average contour data. Expanding on 
this work by considering the temporal domain and the unsteady aerodynamics would provide 
further insight into the wake mechanics. Another area that would benefit from additional research is 
the influence a rotating wheel has upon a diffuser operating in close proximity. Anecdotal reporting 
suggests this phenomenon is due to the fluid jetting that occurs at the contact patch of a rotating 
tyre (termed ‘tyre squirt’) although this has not been reported within scientific literature. It is 
recommended that this interaction be investigated further to indentify the underlying mechanisms 
to better understand the wake mechanics and the optimal design/operation of a diffuser.  
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5.2.2  Wake Generation Upstream of a Contraction 
The major finding from these experiments was the confirmation that discrete wake profiles 
generated in the settling chamber retain the salient features after being advected into the working 
section. It is possible that some of the changes induced by the contraction could be overcome with 
the use of distorted wake generator. For example, an open-wheel racing car wake could likely be 
generated with a delta wing at a large negative AoA supported by a bluff sting or alternatively a 
multi-element multi-plane wing with endplates operating at post-stall conditions. Either design 
would generate a large streamwise vortex pair and significant velocity deficit that would be required 
however geometrical scaling would also be necessary. Findings from this work suggest a 
methodology for calculating these scaling factors although further investigations into these ideas 
would provide greater insight into the contractions influence. In this case such work could take the 
form of a series of transverse flow maps through the contraction allowing the straining influence to 
be analysed longitudinally as a vector field.  
From the cylinder experiments the concept of virtual distance was confirmed, however several 
experimental simplifications were made. For future work it would be useful to consider the influence 
of contraction geometry through variable strain rates and contraction ratios; although limited 
literature has investigated different contraction ratios using grid-generated turbulence, the effects 
on wake turbulence remain unclear. A full characterisation of the contractions influence also 
requires wall proximity to be completely explored and as a subset the influence of cross-sectional 
shape, such as hexagonal, circular or square cross-sections. These effects would influence the best 
location for a wake generator in the settling chamber. Such an investigation would require a 
parametric approach and therefore be most suited Computational Fluid Dynamics possibly using the 
empirical data of this research as a validation source.    
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Appendix A  
Validation Data 
A. 1 Wheel Rotation System Wake Validation 
The experimental technique used to model wheel rotation on the open-wheel racing car 
featured a rotating wheel supported above a stationary ground with a friction seal at the contact 
patch (Figure 2-34). A similar configuration was used by Cogotti (1983) who reported a qualitative lift 
and drag behaviour analogous to a rotating wheel in contact with a moving ground, however the 
wake flow was not reported and thus required validation. To achieve this, the wake behind an 
isolated rear wheel from the Formula 1 model was interrogated transversely and compared to 
published data. The greatest spacing for which contour data exists is 2.5 diameters downstream of 
the axle line (Bearman et al., 1988 and Mears et al., 2002) however, at this location the minimum 
good data reported by the Cobra probe was 72% for the stationary case and 89% for the rotating. 
Although this was not ideal, locations of bad data were isolated and represented a small portion of 
the overall map. Moving further downstream to increase the good data was not considered as the 
effects of diffusion were anticipated to be far greater than the effect of truncating bad samples from 
the affected data points. Research by Mears et al. (2002) was conducted at a greater fidelity than 
that of Bearman et al. (1988) and thus formed the primary metric; here flow mapping used a 5-hole 
pressure probe located 2.5d downstream of the axle line. Stationary and rotating configurations 
were tested using a moving belt and a go-kart front rim and slick tyre. This wheel, which was chosen 
because of its similar geometric properties to a Formula 1 wheel, yielded a Reynolds number of 
2.5x105 based on diameter. The experimental setup of Mears et al. (2002) matched quite well to that 
used within this research; the wheel aspect ratio (width/diameter) for Mears was 0.53 versus 0.56 
for the rear wheels used here while validation was performed at 2.3x105 based on d; this 
corresponded to a vehicle Reynolds number of approximately 1.6x106 and the value used for the 
experiments in Section 3.3 . Although this wheel Reynolds number was slightly lower than that of 
Mears et al. (2002), the difference was small and any effects were envisioned to be negligible. 
A spatially high fidelity map was used with dimensions and measurement densities guided by 
literature containing wake maps for isolated wheels including Bearman et al. (1988), Mears et al., 
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(2002:2004), Saddington et al. (2007) and Sprot et al., (2011:2012). From these sources the wake 
was anticipated to contain a vortex pair low to the ground and encompass a maximum area of Y/d = 
[-1.5, 1.5] and Z/d = [0, 1.2]. The vortex core location, wake height and width were all expected to 
change between the rotating and stationary conditions but the primary interests would lie within 
the lower half of the wake. As such a variable measurement density approach was used with the 
map broken into three areas; high measurement densities for areas close to the ground, medium 
densities away from the ground and low densities where little wake features were expected. 
Figure A.1 shows the normalised velocity contour for the stationary experiment, while 
corresponding normalised total pressure contour from Mears et al. (2002) is shown in Figure A.2. It 
should be noted that for the latter the sting was located on the right side of the wheel, that is, 
opposite to the configuration used here. Both contours showed a flat wide wake consisting of a pair 
of vortex cores located either side of the wheel, the small unshaded area in the bottom right hand 
corner of Figure A.2 indicated the presence of out-of-range data; no further explanation of this 
feature was provided by the author (Mears et al., 2002). A slight asymmetry was present about the 
centreline for both plots and this was almost certainly due to the presence of the supporting 
structure as its location correlated to a slightly increased wake height in each case. Vorticity 
contours (Figure A.3 and Figure A.4) were also in good agreement and confirmed the presence of a 
counter-rotating vortex pair generating downwash at the centreline. The flow field generated was 
analogous to that of Mears et al. (2002) and although the influence of the mounting structure was 
noticeable it did not overtly impact the wake structure. 
 
Figure A.1 – Normalised Velocity contour for stationary wheel at X/d = 2.5. 
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Figure A.2 – Constant total pressure contour for stationary wheel at X/d = 2.5 (Mears et al, 2002). 
 
Figure A.3 – Vorticity contour for stationary wheel at X/d = 2.5. 
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Figure A.4 – Vorticity contour for stationary wheel at X/d = 2.5 (Mears et al, 2002). 
 
Figure A.5 – Iuvw contour for stationary wheel at X/d = 2.5. 
With the wheel rotating, the wake was seen to reduce in width but increase in height as seen in 
Figure A.6. Accordingly the horizontal mapping area was reduced to Y/d = [-1, 1]. The vortex cores 
moved towards the centreline, joining and creating a velocity distribution that resembled an 
inverted T. This behaviour was mirrored by the pressure map of Mears (Figure A.7) and was due to 
the change in flow separation between the stationary and rotating cases; with the wheel stationary 
the boundary layer is able to stay attached well beyond the vertex creating a low wake, but with a 
rotating wheel the flow detaches forward of this point (Figure A.8) causing an increased wake 
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height. The magnitude of velocity deficit was also less for the rotating case indicating a reduction in 
vortex strength which was confirmed through the vorticity contour (Figure A.9). The vortex core 
locations moved closer towards the centreline and slightly upwards which was consistent with the 
vorticity plot of Mears (Figure A.10). 
 
Figure A.6 – Normalised Velocity contour for rotating wheel at X/d = 2.5. 
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Figure A.7 – Constant total pressure contour for rotating wheel at X/d = 2.5 (Mears et al, 2002). 
 
Figure A.8 – Change in flow separation point due to wheel rotation, wheel stationary left and rotating right 
(Fackrell & Harvey, 1974). 
 203 
 
 
Figure A.9 – Vorticity contour for rotating wheel at X/d = 2.5. 
 
Figure A.10 – Vorticity contour for rotating wheel at X/d = 2.5 (Mears et al, 2002). 
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Figure A.11 – Iuvw contour for rotating wheel at X/d = 2.5. 
Although there were small differences between the results obtained here and those of Mears et 
al. (2002), there was very good agreement between the experiments. The results of this experiment 
not only agreed with the findings of Mears et al. (2002) but also conformed to the larger body of 
research that exist upon isolated wheel wakes (i.e. Bearman et al., 1988, Mears et al., 2004, 
Saddington et al., 2007 and Sprot et al., 2011:2012). Given the difference in experimental setups this 
agreement was significant; the lack of a moving ground was envisioned to impact the wake flow not 
only by the inclusion of a boundary layer but also by limiting the jetting phenomena that occurs at 
the contact patch. Both of these changes would have manifest in a vortex behaviour that did not 
conform to the known system for a rotating wheel, as this was not the case it can be said the 
modelling technique used here was analogous to a rotating wheel in contact with a rolling road, at 
least in terms of wake flow. 
A. 2 Cylinder Wake Validation  
Validation of the cylinder wakes was performed to ensure the correct vortex street was formed 
and the flows were nominally two-dimensional. As neither force nor surface pressure data were 
recorded, vortex shedding behaviour was the primary metric; the Strouhal number variation for a 
circular cylinder is well documented up to a Reynolds number of 107 including the effects of 
geometry. Strouhal number (ST) was calculated via the below equation where f is the frequency of 
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vortex shedding, d the diameter of the respective cylinder and Velocity measured from the 
freestream and calibrated to the cylinders position: 
     
  
        
 
To determine the frequency of shedding a Fast Fourier Transform (FFT) using the estimation 
method of Welch (1967) was performed. Given the cylinders were arranged vertically, the most 
prominent spectral peak was seen within the v (horizontal) velocity component and thus all Strouhal 
number calculations used this flow parameter. Once the FFT was performed a simple maximum 
search function determined the peak frequency. In both the control and contraction experiments 
the spectral peak was well above the background disturbances and it also lay within the expected 
frequency bandwidth; 9Hz±0.25Hz at a Reynolds number of 50,000 (Figure A.12). There was little 
doubt that the fundamental frequency observed within the V component spectrum was directly 
attributed to a vortex street generated by the cylinders. The calculated Strouhal numbers for first 
measurement point are shown in Table A.1.   
 
Figure A.12 – v component velocity spectrum for both experiments at X/d = 4.5. 
Experiment ST Measurement position (X/d) 
Control 0.1925 4.5 
Contraction 0.1907 4.5 
Table A.1 – Strouhal number for both experiments at the closet measurement position. 
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At a Reynolds number of 50,000 the expected Strouhal number is 0.19±0.005 with both 
experiments lying within this range. As experimentation was carried out in distinct wind tunnels 
featuring slightly different freestream conditions and cylinder lengths (see Table 4-1), these 
differences warranted further investigation to verify the experiments were replicates. The influence 
of freestream turbulence can be ruled out as Strouhal number has been show to remain almost 
constant over a turbulence intensity range of [0.5 : 16%] (Zdravkovich, 1990). Geometric parameters 
are well know to influence cylinder flows with aspect ratio particularly important; ‘short’ cylinders 
exhibit three-dimensional flow while ‘long’ cylinders approximate a two-dimensional flow. West and 
Apelt (1993) established that providing suitable end plates are installed the ‘long’ cylinder condition 
was met at aspect ratios greater than or equal to 10 although it was reported that wall effects were 
seen out to a distance of 3.5 diameters from the end plates. Fox and West (1990) also determined 
that for an aspect ratio of 9, ‘long’ cylinder behaviour was only achieved at the mid-span section, 
findings corroborated by Szepessy & Bearman (1992). As this specification was far exceeded for both 
experiments, aspect ratio was envisioned to have no measureable effect upon vortex shedding 
behaviour.  
Blockage ratio has also been shown to influence a cylinder wake; Ritcher (1973) measured the 
vortex shedding frequency of a cylinder with an aspect ratio of 8.62 and a relative roughness of k/d = 
200 x 10-5. Blockage ratio was varied in the range ½ > d/b > 1/6 where b represented the width of 
the test section perpendicular to the cylinders centreline. These results, along with those of 
Drescher (1956) (d/b  0), Bearman (1969) (d/b = 1/15.4) and Achenbach & Heinecke (1981) (d/b = 
1/6) are presented in Figure A.13. A clear relationship between increased blockage ratio and 
increased Strouhal number was observed, this being due to the increased velocity at the separation 
point as compared to an unrestricted case. The critical Reynolds number was reduced with 
increasing d/b values for the same reason. As blockage ratio for both the control and contraction 
experiment was far lower than any of the results shown in Figure A.13, this parameter can also be 
ruled out. 
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Figure A.13 – Effect of blockage ratio on Strouhal number reproduced from Achenbach and Heinecke (1981). 
 Richter (1973),    Drescher (1956),  x  Bearman (1969),  ▽  Achenbach and Heinecke (1981). 
Despite the using the same cylinder between the experiments surface roughness was the final 
factor considered, this influence is associated with a shift in the boundary layer separation point; 
Achenbach & Heinecke (1981) demonstrated that increased roughness leads to a reduced angle of 
separation, this yielded a smaller wake width and by extension a lower vortex formation frequency. 
Similar to blockage ratio, the critical Reynolds number was also reduced with increasing roughness 
which, depending upon the conditions, can reduce transition by up to an order of magnitude (Figure 
A.14). The original authors did not correct this plot for changes in blockage or aspect ratio between 
the experiments and thus data that was identical except roughness was grouped according to Table 
A.2.  Taking these geometric differences into account, it can be seen that within the sub-critical 
region an increase in surface roughness correlated to a reduction in the Strouhal number. Note the 
quantitative disagreement between this plot and the results of Ribner & Etkin (1958) (Figure 4-3) for 
the sub-critical region was directly attributed to the higher blockage ratios used by Achenbach & 
Heinecke (1981). As both the Strouhal number and the wake width (Section 4.1.3 ) agreed with the 
literature, surface roughness of the cylinder was deemed suitable.  
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Figure A.14 – Strouhal number versus Reynolds number at variable surface roughness conditions reproduced 
from Achenbach & Heinecke (1981).   smooth,      k/d = 75 x 10
-5
,   k/d = 300 x 10
-5
,    k/d = 900 x 
10
-5
, - - - - k/d = 3000 x 10
-5
. 
Relative roughness (k/d) Aspect ratio Blockage ratio (d/b) 
 0 (termed smooth) 6.75 1/6 
75 x 10-5 6.75 1/6 
300 x 10-5 3.38 1/6 
900 x 10-5 3.38 1/6 
3000 x 10-5 20 1/20 
Table A.2 – Aspect and blockage ratio for the cylinder test results in Figure A.14 (Achenbach & Heinecke, 
1981). 
These findings gave a high confidence that the experimental conditions matched sufficiently 
between the IWT and AWT for the analysis undertaken, however as seen in Figure A.12 a 3rd order 
harmonic was present for the v component. Analysis of the spectral data showed harmonics were 
present in both transverse velocity components. In the control and contraction experiments a weak 
3rd order harmonic was seen in the v spectrum at the closest measurement point (Figure A.15 and 
Figure A.16) although this peak quickly diffused and was not present in either experiment 
downstream of X/d = 12. The w component spectrum for the control experiment showed a 2nd order 
harmonic which quickly diffused with downstream movement and was not present beyond X/d = 12 
(Figure A.17). For the contraction experiment this 2nd order harmonic was also present and 
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persistent over the entire measurement range, most likely due to the straining influence of the 
contraction (Figure A.18). For the sub-critical flow regime, the presence of low order harmonics is 
relatively common (Roshko, 1967 and Schewe, 1983) however it does prove the cylinder wake was 
not perfectly two-dimensional. The relative power disparity between the v and w peaks also 
suggested a weakly three-dimensional wake. Investigations by Morsbach (1967) showed for a three-
dimensional cylinder wake the separation line of the boundary layer is not parallel to the cylinder 
axis, vortices shed thus contain w and v velocity components. The energy contained within the w 
velocity component would otherwise be present within the v component of a two-dimensional 
wake. The root cause of this result was not investigated further given these features were shared 
between the experiments, that is to say the cylinder wake was analogous between the control and 
contraction experiments.   
 
Figure A.15 – v component velocity spectrum for the control experiment. 
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Figure A.16 – v component velocity spectrum for the contraction experiment. 
 
 
Figure A.17 – w velocity component spectrum for the control experiment. 
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Figure A.18 – w velocity component spectrum for the contraction experiment. 
Overall the wake behaviour of both experiments was validated and the presence of a vortex 
street with the correct temporal parameters identified. Although a weak three-dimensionality was 
identified in the control experiment, the Strouhal numbers of both experiments agree with the 
findings of both Ribner & Etkin (1958) and Achenbach & Heinecke (1981). Direct comparison 
between the control and contraction experiments was deemed valid with both wakes ultimately 
found to be nominally two-dimensional replicates. 
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Appendix B  
Further Consideration of Errors 
B. 1 Precision Errors in Flow Contouring 
Some of the major findings from this thesis were deduced from the transverse wake maps 
presented in Chapter 3 and 4. As such the errors involved in the flow mapping process were of direct 
importance. Precision errors were expected to be the dominant source of uncertainty and were 
estimated using data from the open-wheel racing car experiments. Results from the static model 
(Section 3.2 ) were compared to the rotating model in rotation-off configuration (Section 3.3 ); these 
experiments were not replicates and thus the differences between the results were both a measure 
of repeatability and due to experimental differences. These differences are summarised in Table B.1 
with detailed information on the support structures found in Section 2.2  and the measurement 
grids in Appendix D. 4. Furthermore the time between experiments was approximately six months 
during which the complete setup comprising vehicle model, ground plane and traverse were 
removed from the IWT and reinstalled. 
Static model experiment Rotating model wheels-off experiment  
Vehicle supported via four stings, one located in 
each wheel 
Vehicle supported via two under-body stings 
and rotating wheel (left rear) supported by 
independent sting 
Test Reynolds number of 2.4x106 based on 
model length 
Test Reynolds number of 1.6x106 based on 
model length 
Uniform square measurement grid  Non-uniform square measurement grid  
Table B.1 – Experimental differences between the experiments used to asses flow mapping precision errors.  
Despite these differences the results between the experiments were very similar as evidenced 
in the side-by-side comparison of the normalised Velocity contours (Figure B.1). To aid comparison, 
data from both experiments was plotted on the same contour; results from the static model were 
shown as filled contours while the rotating model results were overlaid as isolines. Normalised 
Velocity results for X/ℓ = 0.5 are shown in Figure B.2 and highlight the excellent agreement between 
the experiments. The same was true for overall turbulence intensity (Figure B.3) and vorticity (Figure 
B.4) however a small quantitative and qualitative difference between the contours and isolines was 
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present. Similar variation was seen for the contours at X/ℓ = 1 (Figure B.5 - Figure B.7). These 
differences appeared random and did not present in the areas occupied by the vehicle or wheel 
stings, indicating the inclusion of these supports had little impact on the wake results. No 
dominating cause for the difference between the static and rotating model results was apparent, 
with precision errors and experimental differences likely equally responsible. Agreement between 
the wake results show the amount of variation was not significant enough to affect any of the 
conclusions drawn in Chapter 3 and 4.  
 
Figure B.1 – Normalised Velocity contour for the static model (left) and the rotating wheel (right) in wheels-off 
configuration at X/ℓ = 0.5. 
 
Figure B.2 – Normalised Velocity contour at X/ℓ = 0.5, static model results shown as contour and rotating 
model results with wheels-off shown as isolines.   
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Figure B.3 – Iuvw contour at X/ℓ = 0.5, static model results shown as contour and rotating model results with 
wheels-off shown as isolines.   
 
Figure B.4 – Vorticity contour at X/ℓ = 0.5, static model results shown as contour and rotating model results 
with wheels-off shown as isolines.   
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Figure B.5– Normalised Velocity contour at X/ℓ = 1, static model results shown as contour and rotating model 
results with wheels-off shown as isolines.   
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Figure B.6 Iuvw contour at X/ℓ = 1, static model results shown as contour and rotating model results with 
wheels-off shown as isolines.   
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Figure B.7 – Vorticity contour at X/ℓ = 1, static model results shown as contour and rotating model results with 
wheels-off shown as isolines.   
B. 2 Force Balance Calibration 
Calibration of the JR3 force balance was performed in two phases with the X (drag) and Y 
(sideforce) axes assessed together while Z (lift) was calibrated independently. To assess off-axis 
loads and interaction between the X and Y axes, the load cell was attached to an indexing head and 
measurements with known weights made at 30° intervals over one full rotation (Figure B.8). For the 
Z axis the same weights were hung/placed on the active side of the load cell. The calibration was 
performed in a set procedure to account for hysteresis effects; weights were applied incrementally 
up to the maximum weight and then removed incrementally to a fully unloaded condition. The 
maximum weight load was chosen to exceed the maximum estimated force generated by the open-
wheel racing car model and weight precision was known to 0.1g.  
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Figure B.8 – Rotational calibration setup. 
Rotational calibration of the X and Y axis is shown in Figure B.9 with the theoretical response 
and 95% confidence intervals marked. Consistent under-prediction was observed irrespective of the 
loading direction with average errors of -3% for the X axis and -4% for the Y. Calibration for loadings 
aligned to the geometric axes are shown in Figure B.10 - Figure B.12. Average bias errors of the axes 
were -3% for Y, -2% for X and -0.5% for Z with excellent linearity in all cases (R21). All data was 
contained within a 95% confidence interval including off-axis loadings and was deemed sufficient for 
the purposes of time-averaged force measurements. This calibration data was applied to all force 
measurements during post-processing.  
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Figure B.9 – Rotational calibration for the load cell with theoretical response and error bars indicating 95% 
confidence. 
 
Figure B.10 – Y axis (sideforce) alligned calibration for the load cell with theoretical response and error bars 
indicating 95% confidence. 
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Figure B.11 – X axis (drag) alligned calibration for the load cell with theoretical response and error bars 
indicating 95% confidence. 
 
Figure B.12 – Z axis (lift) alligned calibration for the load cell with theoretical response and error bars indicating 
95% confidence. 
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Appendix C  
Further Details on the Open-Wheel Racing 
Car Model  
C. 1 Aerodynamic Tare and Reynolds Number Independence 
In this section further information on the influence of Reynolds number including localised 
effects and the processes used to account for tare forces is presented. The static configuration force 
balance mount, discussed in Section 2.2.1.3 , was exposed to the freestream and provided an 
additional aerodynamic loading. These tare forces were removed from the final data using surrogate 
models constructed from calibration tests which were performed using a process adapted from that 
described by Barlow et al. (1999); this involved attaching only the sting to the load cell, positioning 
the elevated ground over the top and sealing the holes which accommodated the model pickups. 
The model was not present during calibration as its aerodynamic influence upon the sting was 
shielded by the ground board. This arrangement is shown schematically in Figure C.1 and resulted in 
identical sting forces between the calibration and testing setups.  
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Figure C.1 – Force balance diagram for tare (top) and testing configurations (bottom). 
Forces were assessed over two independent experiments between each of which the wind-
tunnel was stopped, the load cell drift recorded and the load cell electronically zeroed. Force 
measurements were recorded at even intervals over the wind tunnel operating range; the upper 
limit of which gave a Reynolds number of 3.3 x 106 based on model length. Drag was the greatest 
force generated by the sting with tare values accounting for approximately 1/3 of the total force 
acting on the vehicle and sting whereas lift and sideforce were of a lower magnitude. Tare forces as 
a function of Reynolds number are shown in Figure C.2 along with the polynomial surrogate models 
for each DoF. The accuracy of these models was deemed sufficient for this research with the 
coefficient of determination varying from R2 > 0.98 for lift to R2 > 0.99 for sideforce and drag. These 
surrogate models were simply removed from the respective force data in post processing thereby 
eliminating tare forces from the final results.  
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Figure C.2 – Tare force and surrogate plots.  
In addition to overall Reynolds number independence discussed in Section 3.1 , localised 
Reynolds effects were also considered for the wheels and aerofoils. In Section 3.1  the minimum 
Reynolds number based on model length was determined to be 1.6x106, which corresponded to a 
wheel Reynolds number of 2.3x105 based upon diameter. Literature reviewed in Section 1.3.2.3  
showed that within the range 2.5x105 – 5.3x105 a rotating wheel in contact with the ground is 
relatively insensitive to Reynolds effects. The wheel Reynolds number achieved here was slightly 
under this range however the validation study discussed in Appendix A. 1 confirmed the wheel wake 
flows as accurate.  
Where possible the aerofoil sections used on the open-wheel racing car model were well 
researched with a documented Reynolds number behaviour. However limitations did exist; firstly 
the technical regulations of Formula 1 required highly cambered aerofoils (particularly for the rear 
wing) which are rarely documented in the public domain and secondly as the majority of aerofoil 
research is conducted for the aviation industry, Reynolds number ranges tested are much higher 
than that achieved here. Of the sections used the NASA LS(1)-0413, which was employed as the front 
wing flap, was by far the most researched although a vehicle Reynolds number of 1.6x106 only 
corresponded to an aerofoil Reynolds number of 8x104. This was two orders of magnitude lower 
than published data covering Reynolds number behaviour (McGee & Beasley, 1976) and one order 
of magnitude lower than research considering isolated aerofoils in ground effect (Kuya et al., 2009). 
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Of the data available the 0413 aerofoil was seen to have a benign CL and CD behaviour which may 
suggest that increases in Reynolds number above the IWT testing range would not lead to rapid 
changes in aerodynamic performance of the flap (Figure C.3 and Figure C.4). Since data upon the 
other aerofoil sections is not present within the literature it must be assumed the some or all of the 
vehicle model wings were operating in a sub-critical condition.  
 
Figure C.3 – CL versus Re for NASA Low Speed sections including 0413 aerofoil, reproduced from McGee and 
Beasley, 1976. 
 
Figure C.4 – CD versus Re for NASA Low Speed sections including 0413 aerofoil, reproduced from McGee & 
Beasley, 1976. 
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Figure C.5 – -CL/CD versus Reynolds number.  
This however did not mean that the overall aerodynamic behaviour of the vehicle was not 
within, or at least indeterminate from, the super-critical regime. When considering the aerodynamic 
efficiency (L/D) of the whole vehicle, the performance achieved agreed with the literature. The 
aerodynamic forces generated by Formula 1 vehicles are usually not publically available but one 
instance does exist which reports a CL of -2.75 at an L/D of -2.4 for a 1998 Tyrell Formula 1 car 
(Agathangelou & Gascoyne, 1998). Of course these values were achieved with an optimised vehicle 
in a moving ground wind-tunnel and are much greater than would be obtained with a generic vehicle 
over a fixed ground. Katz (2002) tested an Indy car model with fixed wheels and a stationary ground, 
in this case a CL of -1 and an L/D of -1 was recorded. These results provide a reasonable point of 
comparison, however they are not truly representative of a Formula style car given the presence of 
floor venturis on the Indy car model. Newbon et al. (2015) studied a generic Formula style racing car 
in a moving ground wind-tunnel and through CFD. In this case the vehicle was not heavily optimised 
and generated a L/D of between -1.4 and -1 depending upon the vehicle configuration (CL was not 
reported). These results broadly agree with the performance of the model used in this research and 
although the literature in the public domain is sparse, a general consensus exists that the lift 
coefficient magnitude is roughly equally to the lift-to-drag ratio (a condition met in this research). 
The aerodynamic performance of the model and in particular the Reynolds number achieved was 
deemed representative of a generic open-wheel racing car. 
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C. 2 Detailed Design Considerations 
In this section the aerodynamic components of the open-wheel racing vehicle model not 
discussed in Chapter 2 are presented. All aerofoil surfaces on the open-wheel racing car model were 
drawn from known families with the exception of two that comprise the front wing mainplane (refer 
Figure 2-20). The central section was a symmetrical design specified by the FIA, coordinate data of 
which can be found in the technical regulations (FIA, 2011). The outboard section was designed by 
the author using design exploration and a two-dimensional RANS simulation. Lift coefficient, its 
sensitivity to Reynolds number, drag coefficient and the Lift-to-Drag ratio were assessed for a range 
of aerofoils over a predefined bound. Height above the ground was set to 0.34 chords and two 
Reynolds numbers were assessed; 6x105 and 9.4x105 based on chord length. The aerofoil shape was 
specified using the PARSEC method which is shown graphically in Figure C.6, the final result of the 
study was the aerofoil shown in Figure C.7 which is defined by the PARSEC variables in Table C.1 and 
the below equation. For detailed information on this process consult Watts et al. (2011).  
           
 
   
           
Where the coefficients an are prescribed from the required geometric parameters (Figure C.6) 
and the coordinate function applied independently for the upper and lower surfaces.  
 
Figure C.6 – Modified PARSEC aerofoil geometry defined through 11 parameters (Sobieczky, 1998) 
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Figure C.7 – Outboard aerofoil cross-section. 
Variable Value 
rLE 0.0102 
Xup   0.4223 
Yup 0.0979 
Xlo 0.3561 
Ylo -0.0521 
Yxx,up -0.6049 
Yxx,lo 0.7224 
YTE -0.0133 
αTE -0.3044 
βTE 0.1818 
Table C.1 – PARSEC coefficients for the outboard aerofoil geometry. 
Aside from this bespoke aerofoil section, the design of the open-wheel racing car model drew 
on common design elements that most 2011 Formula 1 vehicles featured including ‘coke-bottle’ 
bodies, high noses, rake angle and pull-rod rear suspension. The literature review in Chapter 1 and 
the results presented in Chapter 3 indentified four primary components of the vehicle to have the 
largest affect on the wake; the body, the undertray (including diffuser), wheels and the wings. In line 
with the design principles of Formula 1 cars, the body was a highly tapered design with undercut 
sidepods and no extraneous surfaces except the wing mirrors. As seen in Figure C.8 the side pod 
inlets were vented through a central hot air exhaust located just above the rear beam wing whereas 
the airbox inlet was ducted to the floor and vented in proximity to the diffuser end fences in order to 
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simulate the ‘blown-diffusers’ common to the 2011 season. During experimentation these internal 
ducts were left open without drag elements to simulate cooling and combustion flows. 
 
 
Figure C.8 – Formula 1 CAD model with cutaway showing internal ducting. 
Design of the undertray was tightly controlled by the technical regulations which specified the 
ground facing side of the floor be flat with a stepped profile (FIA, 2011). The diffuser dimensions 
were similarly regulated with the primary design decision being a concave profile as opposed to a 
straight ramp. Design of the floor-body interface drew heavily from actual Formula 1 vehicles with a 
floor ramp and splitter used to direct flow around the base of the body. The final design feature of 
importance was the inclusion of nose-down rake; this is a common practice used to increase the 
efficiency of the diffuser and circumvent the technical regulations. The car was designed with a 1° 
nose-down attitude to replicate this.  
 
Figure C.9 – Formula 1 CAD model showing undertray (light blue) and diffuser profile and splitter (dark blue), 
nose cone and front wing removed in left image for clarity. 
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External wheel dimensions were also set by the technical regulations which specified the tyre 
diameter and front and rear rim widths (FIA, 2011). Rim offset, depth and other dimensions were 
primarily set by the decision to drive the wheel via in-hub motors and the clearance that this 
required. Sidewall profile was a simple spline designed to mimic the convex nature of a real sidewall 
with the final dimensions shown in Figure C.10. The decision to create custom wheel geometry 
rather than using a previously researched profile (i.e. Fackrell and Harvey, 1973) was simply to 
ensure an accurately scaled Formula 1 vehicle and given the entire vehicle wake, not the component 
wakes, were of ultimate interest.  
 
Figure C.10 – Front and rear wheel schematic showing basic dimensions and weight-saving cut-outs through 
the sidewalls, all dimensions in mm. 
To ensure the model was accurate, the vehicle was designed using Catia V5 CAD software and 
manufactured via different numerical controlled processes. As a result the physical model was very 
accurate to the computer design with dimensional errors in the range of ±0.5%; these errors were 
established from the overall dimensions of the vehicle and components that were easily 
measureable, a higher form of validation such three-dimensional scanning was not deemed 
necessary. Care was also taken to produce a high quality surface finish for the model. The vehicle 
was finished in the same manner as full-size vehicle using automotive refinishing products and 
equipment. For the purpose of flow visualisation a satin black top coat was selected with a sample of 
the final surface finish shown in Figure C.11. 
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Figure C.11 – Physical vehicle model in final finish, note wheels were detached in this picture. 
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Appendix D  
Additional Contour Maps and Mapping 
Grids 
D. 1 Static Wheel Model Wake, X/ℓ = [0.5 : 1], Flap set to DRS 
Force and wake results for the DRS condition were not significantly different to the baseline 
results. However in combination with data from the ‘trim’ condition (Section 3.2.2 ) conclusions can 
be drawn about the ideal design and operation of such systems. For the Formula 1 model tested it 
was observed that greatest changes in aerodynamic performance were seen when the flap was 
trimmed to the freestream. Two main observations were made in this instance; the flap generated 
negligible aerodynamic forces and secondly the flap has a much reduced influence over the 
mainplane performance. These two effects are clearly complimentary much in the same way a wing 
operating in close proximity to a diffuser can alter its performance (Katz, 1995). Although a full 
understanding of the performance of DRS designs would require a parametric study if can be said 
that drag reduction systems relying upon AoA changes to the flap of a multi-element wing exhibit 
the greatest changes in aerodynamic performance when the flap is trimmed to the freestream. 
Indeed this design principle is the dominant approach in Formula 1. 
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Figure D.1 – CD and -CL response for the baseline and DRS conditions. 
 
Figure D.2 – Normalised velocity contours at X/ℓ = 0.5, DRS condition. 
 
Figure D.3 – Normalised  velocity contours at X/ℓ = 0.5, DRS condition. 
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Figure D.4 – Turbulence contours at X/ℓ = 0.5, DRS condition. 
 
Figure D.5 – Turbulence contours at X/ℓ = 0.5, DRS condition. 
 
Figure D.6 – Vorticity contour at X/ℓ = 0.5, DRS condition. 
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Figure D.7 – Normalised  velocity contours at X/ℓ = 1, DRS condition. 
 
Figure D.8 – Normalised  velocity contours at X/ℓ = 1, DRS condition. 
 
Figure D.9 – Turbulence contours at X/ℓ = 1, DRS condition. 
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Figure D.10 – Turbulence contours at X/ℓ = 1, DRS condition. 
 
Figure D.11 – Vorticity contours at X/ℓ = 1, DRS condition. 
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D. 2 Rotating Wheel Model Wake, X/ℓ = 0.75, Rotating-Off and Rotation-
On 
 
Figure D.12 – Normalised velocity contours for stationary wheel at X/ℓ = 0.75. 
 
Figure D.13 – Normalised velocity contours for stationary wheel at X/ℓ = 0.75. 
 
Figure D.14 – Turbulence contours for stationary wheel at X/ℓ = 0.75. 
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Figure D.15 – Turbulence contours for stationary wheel at X/ℓ = 0.75. 
 
Figure D.16 – Vorticity contours for stationary wheel at X/ℓ = 0.75. 
 
Figure D.17 – Normalised velocity contours for rotating wheel at X/ℓ = 0.75. 
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Figure D.18 – Normalised velocity contours for rotating wheel at X/ℓ = 0.75. 
 
Figure D.19 – Turbulence contours for rotating wheel at X/ℓ = 0.75. 
 
Figure D.20 – Turbulence contours for rotating wheel at X/ℓ = 0.75. 
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Figure D.21 – Vorticity contours for rotating wheel at X/ℓ = 0.75. 
D. 3 Cylinder Experiments Turbulence Components 
 
Figure D.22 – Turbulence component contours at X/d = 37, contraction left and control experiment left. 
 240 
 
D. 4 Mapping Grids 
 
Figure D.23 – Cylinder mapping grids at X/d = 37, contraction left and control experiment left. 
 
Figure D.24 – AWT mapping grid at X/ℓ = 2.3 for empty tunnel calibration left and Formula 1 experiment right. 
 
Figure D.25 – IWT mapping grid for the static wheel model at X/ℓ = 0.5 left and X/ℓ = 1 right. 
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Figure D.26 – IWT mapping grid for the rotating wheel model at X/ℓ = 0.5 top left, X/ℓ = 0.75 top right and X/ℓ 
= 1 bottom middle. 
 
Figure D.27 – IWT mapping grid for the isolated wheel tests at X/d = 2.5. 
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